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NOTICES 

 

 This document provides information to states and tribes authorized to establish water 

quality standards under the Clean Water Act (CWA), to protect aquatic life from toxic effects of 

aluminum. Under the CWA, states and tribes are to establish water quality criteria to protect 

designated uses. State and tribal decision makers retain the discretion to adopt approaches that 

are scientifically defensible that differ from these criteria to reflect site-specific conditions. 

While this document contains the Environmental Protection Agencyôs (EPA) scientific 

recommendations regarding ambient concentrations of aluminum that protect aquatic life, the 

Aluminum Criteria Document does not substitute for the CWA or the EPAôs regulations; nor is it 

a regulation itself. Thus, the document does not impose legally binding requirements on the 

EPA, states, tribes, or the regulated community, and might not apply to a particular situation 

based upon the circumstances. The EPA may update this document in the future. This document 

has been approved for publication by the Office of Science and Technology, Office of Water, 

U.S. Environmental Protection Agency.  

 

 Mention of trade names or commercial products does not constitute endorsement or 

recommendation for use. This document can be downloaded from: 

https://www.epa.gov/wqc/aquatic-life-criteria-and-methods-toxics.  

 

  

https://www.epa.gov/wqc/aquatic-life-criteria-and-methods-toxics
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FOREWORD 

 

 The Clean Water Act (CWA) Section 304(a)(l) (P.L. 95-217) directs the Administrator of 

the Environmental Protection Agency (EPA) to publish water quality criteria that accurately 

reflect the latest scientific knowledge on the kind and extent of all identifiable effects on health 

and welfare that might be expected from the presence of pollutants in any body of water, 

including groundwater. This document is a final ambient water quality criteria (AWQC) 

document for the protection of aquatic life based upon consideration of all available information 

relating to effects of aluminum on aquatic organisms. 

 

 The term Water Quality Criteria is used in two sections of the CWA, Section 304(a)(l) 

and Section 303(c)(2). The term has different meanings in each section. In Section 304, the term 

represents a non-regulatory, scientific assessment of ecological and human health effects. 

Criteria presented in this document are such a scientific assessment of ecological effects. In 

section 303, if water quality criteria associated with specific surface water uses are adopted by a 

state or the EPA as water quality standards, they become the CWA water quality standards 

applicable in ambient waters within that state or authorized tribe. Water quality criteria adopted 

in state water quality standards could have the same numerical values as recommended criteria 

developed under section 304. However, in some situations states might want to adjust water 

quality criteria developed under section 304 to reflect local water chemistry or ecological 

conditions. Alternatively, states and authorized tribes may develop numeric criteria based on 

other scientifically defensible methods, but the criteria must be protective of designated uses. It 

is not until their adoption as part of state water quality standards, and subsequent approval by the 

EPA under section 303(c), that criteria become CWA applicable water quality standards. 

Guidelines to assist the states and authorized tribes in modifying the criteria presented in this 

document are contained in the Water Quality Standards Handbook (U.S. EPA 2014).  

 

 This document presents recommendations only. It does not establish or affect legal rights 

or obligations. It does not establish a binding requirement and cannot be finally determinative of 

the issues addressed. The EPA will make decisions in any particular situation by applying the 

CWA and the EPA regulations on the basis of specific facts presented and scientific information 

then available. 

 

 

 

       Deborah G. Nagle 

       Director 

       Office of Science and Technology 
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EXECUTIVE SUMMARY  

 

The U.S. Environmental Protection Agency (EPA) is updating its aquatic life ambient 

water quality criteria (AWQC) recommendation for aluminum, in accordance with the provisions 

of section 304(a) directing the EPA to revise AWQC from time to time to reflect the latest 

scientific knowledge. The recommended aluminum aquatic life AWQC were developed using 

peer reviewed methods and data that are acceptable for the derivation of criteria, as described in 

the EPAôs 1985 ñGuidelines for Deriving Numerical National Water Quality Criteria for the 

Protection of Aquatic Organisms and Their Usesò (Stephan et al. 1985, referred to herein as 

ñ1985 Guidelinesò). The previous aquatic life AWQC for aluminum were developed in 1988 

(EPA 440/5-86-008). These 2018 final recommended aquatic life AWQC for aluminum 

supersedes the 1988 recommended criteria.  

The 2017 draft aquatic life AWQC for aluminum were posted to the Federal Register 

(Docket ID: EPA-HQ-OW-2017-0260) in late July 2017 for public comment. The public 

comment period was open for 90 days and closed in late October 2017. Public comments 

received were incorporated and addressed in these final AWQC, where applicable. The EPA 

responses to all of the public comments can be found on the website for the aluminum criteria 

(https://www.epa.gov/wqc/aquatic-life-criteria-aluminum).  

Literature searches for laboratory tests published from 1988 to 2017 identified new 

studies describing the toxicity of aluminum to aquatic life. The EPA supplemented these studies 

with additional data made available by researchers in late-2017 and 2018. The EPA conducted a 

full evaluation of available data to determine test acceptability for criteria development. 

Appendix A of ñQuality Criteria for Water 1986ò (U.S. EPA 1986) provides an in-depth 

discussion of the minimum requirements for data quality needed to develop AWQC for aquatic 

life.  

This update to the recommended aluminum aquatic life AWQC establishes freshwater 

criteria magnitude values resulting from the interactions of aluminum and three water chemistry 

parameters: pH, total hardness, and dissolved organic carbon (DOC). It also expands the toxicity 

database to include those studies conducted in waters with pH values below 6.5. There were 

insufficient data to establish an estuarine/marine aluminum criteria. 

Multiple linear regression (MLR) models were developed to characterize the 

bioavailability of aluminum in aquatic systems, based on the effects of pH, total hardness and 

https://www.epa.gov/wqc/aquatic-life-criteria-aluminum
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DOC on aluminum toxicity (DeForest et al. 2018a,b). These authors used a dataset comprised of 

22 chronic tests with the fathead minnow (Pimephales promelas), and 23 chronic tests with an 

invertebrate (Ceriodaphnia dubia) to evaluate the ability of MLR models to predict chronic 

toxicity of aluminum as a function of pH, total hardness and DOC water chemistry conditions. 

These three parameters are considered to be the most influential for aluminum bioavailability 

and can be used to explain the range of differences in the observed toxicity values. These 

datasets were supplemented in 2018 with an additional nine C. dubia toxicity tests and nine P. 

promelas toxicity tests to expand the range of water chemistry conditions for model development 

(OSU 2018a,b,d). All of the toxicity test data used in the model were subjected to independent 

external expert peer review. 

Two models, one for invertebrates and one for vertebrates, were used to normalize 

freshwater aluminum toxicity values. These separate models correspond to effects on 

invertebrates and vertebrates due to differing effects of pH, total hardness and DOC on 

aluminum bioavailability and toxicity, and therefore enable the criteria magnitudes to be 

calculated as a function of the unique chemistry conditions at a given site. The EPA conducted 

both independent external expert peer review and internal reviews of these models, published by 

DeForest et al. (2018a,b), to verify the results. The updated aluminum criteria were derived using 

these MLR models to normalize the freshwater acute and chronic toxicity data. The MLR 

equations applied to the acute toxicity data were those developed using chronic tests, with the 

expectation that the effect of water chemistry on bioavailability remains consistent across 

exposure duration. 

 

Freshwater Criteria Update 

The 1988 aluminum freshwater criteria (U.S. EPA 1988) are expressed as total 

recoverable aluminum. Acid soluble aluminum was considered but not used because the methods 

were not developed. These updated 2018 criteria are also based on total recoverable aluminum 

concentrations.  

The 1988 criteria did not consider the variable effects of water chemistry on aluminum 

toxicity, but simply specified that the recommended criteria only applied to a pH range of 6.5 to 

9.0. The 2018 final aluminum recommended AWQC take into account the effects of pH, total 

hardness and DOC on aluminum toxicity. 
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The 1988 freshwater acute criterion was based on data from eight species of invertebrates 

and seven species of fish for a total of 15 species grouped into 14 genera. This 2018 freshwater 

acute criterion update is based on data from 13 species of invertebrates, eight species of fish, and 

one species of frog for a total of 22 species grouped into 20 genera.  

 The freshwater acute criterion represents the concentration of aluminum at which 

approximately 95% of genera in a freshwater aquatic ecosystem should be protected if the one-

hour average (duration) concentration of total aluminum is not exceeded more than once in three 

years (frequency). The magnitude of the criterion depends on the water chemistry conditions in 

the waterbody, using the MLR models to normalize the freshwater acute toxicity data. As a 

result, the acute criterion will vary with water chemistry conditions. Example acute criteria 

values for various water chemistry conditions are presented in Appendix K (Recommended 

Criteria for Various Water Chemistry Conditions) and can also be calculated with the Aluminum 

Criteria Calculator V.2.0
1
. 

The 1988 aluminum freshwater chronic dataset included two species of invertebrates and 

one fish species grouped into three genera. This 2018 criteria update includes new chronic data 

for an additional nine species, and consists of eight invertebrate and four fish species grouped 

into 12 genera. With the addition of one study from Appendix H (Other Data on Effects of 

Aluminum to Freshwater Aquatic Organisms), the Minimum Data Requirements (MDRs) for 

direct calculation (using a sensitivity distribution, as described in the 1985 Guidelines) of the 

Final Chronic Value (FCV) were fulfilled. This method does not require the use of an acute to 

chronic ratio (ACR).  

 Like the acute criterion, the freshwater chronic criterion is also dependent on the water 

chemistry of the waterbody. Therefore, it is also a function of the MLR models used to normalize 

the chronic toxicity data. Example chronic criteria (CCC) for various water chemistry conditions 

are presented in Appendix K (Recommended Criteria for Various Water Chemistry Conditions) 

and can also be calculated with the Aluminum Criteria Calculator V.2.0.  

 The empirical toxicity test data used to develop the MLR models were developed under a 

range of water chemistry conditions (for more detail, see Section 4 of this document). The MLRs 

were then used to normalize all of the toxicity data used in the criteria calculations. MLR models 

                                                 
1
 https://www.epa.gov/wqc/aquatic-life-criteria-aluminum 

https://www.epa.gov/wqc/aquatic-life-criteria-aluminum
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are useful for characterizing trends in data, but should be used with caution when extrapolating 

beyond the range of data used for model development.  

The bounds for pH of the models ranged from 6.0-8.7. The EPA criteria calculator is 

designed to allow the user to extrapolate beyond the pH values used to generate the MLR 

models. The criteria calculator can be used to address all waters within a pH range of 5.0 to 10.5. 

This is reflected in the criteria lookup tables in Appendix K. The EPA took this approach so that 

the recommended criteria can be calculated for, and will be protective of, a broader range of 

natural waters found in the U.S. Extrapolated criteria values outside of the empirical pH data 

tend to be more conservative (i.e., lower values) and will be more protective of the aquatic 

environment in situations where pH plays a critical role in aluminum toxicity. Criteria values 

generated outside of the range of the pH conditions of the toxicity tests underlying the MLR 

models are more uncertain than values within the pH conditions of the MLR toxicity tests, and 

thus should be considered carefully and used with caution. 

The bounds for total hardness of the models ranged from 9.8 to 428 mg/L. Since a 

decrease in total hardness tends to increase aluminum toxicity, the EPA concludes that it is 

reasonable to extrapolate below the lower bound of the empirical hardness data of 9.8 mg/L to 

enable generation of more stringent criteria at low hardnesses. This is consistent with existing 

EPA approaches to address low end hardness values (U.S. EPA 2002). Therefore, hardness input 

values in the criteria calculator can be entered that are less than 9.8 mg/L down to a limit of 0.01 

mg/L. However, hardness input values into the criteria calculator will be bounded at the 

approximate upper limit of the empirical MLR modelsô underlying hardness data, at a maximum 

of 430 mg/L total hardness (as CaCO3). The user can input hardness values greater than 430 

mg/L for total hardness into the criteria calculator, but the criteria magnitude will reach its 

maximum value at 430 mg/L total hardness (as CaCO3), and criteria magnitudes will not increase 

or decrease by increasing the hardness above 430 mg/L total hardness (as CaCO3). This is also 

consistent with existing EPA guidance on high end hardness caps (U.S. EPA 2002). This 

recommendation is reflected in the criteria lookup tables provided in Appendix K. The EPA 

took this approach to ensure that the recommended criteria are protective of a broader range of 

natural waters found in the U.S. Criteria values generated beyond the lower bound of the 

hardness conditions of the toxicity tests underlying the MLR models are more uncertain than 

values within the hardness bounds of the MLR toxicity test data. 
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The bounds for DOC of the models ranged from 0.08 to 12.3 mg/L. Since most natural 

waters contain some DOC, the lower bound of the empirical toxicity test data (0.08 mg/L) is the 

lowest value that can be entered into the criteria calculator; thus no extrapolation below the 

lowest empirical DOC of 0.08 mg/L is provided. Similar to hardness, the criteria values 

generated will be bounded at the upper limit of the empirical MLR modelsô underlying DOC 

data, at a maximum 12.0 mg/L DOC in the criteria calculator. The user can input DOC values 

greater than 12.0 mg/L into the calculator, but the criteria magnitude will reach its maximum 

value at 12.0 mg/L DOC, and criteria magnitudes will not increase or decrease by increasing the 

DOC above 12.0 mg/L. This limitation on the maximum DOC value is also reflected in the 

criteria lookup tables provided in Appendix K. This is consistent with the existing approach for 

hardness (U.S. EPA 2002) to provide for protection of aquatic organisms through the use of 

protective, conservative values under water chemistry conditions beyond the upper limits of the 

empirical toxicity test data. 

In addition to Appendix K look-up tables, the EPA created a user-friendly Aluminum 

Criteria Calculator V.2.0 (Aluminum Criteria Calculator V.2.0.xlsm) that allows users to enter 

site-specific values for pH, total hardness and DOC to calculate the appropriate recommended 

freshwater acute and chronic criteria magnitudes for site-specific parameters and will generate 

criteria magnitude values based on the bounds described above. 

 

2018 Recommended Aluminum Aquatic Life AWQC and the 1988 Criteria
a
 

Version 

Freshwater Acute 

(1-hour, 

total aluminum) 

Freshwater Chronic 

(4-day, 

total aluminum) 

2018 AWQC 
(vary as a function of a siteôs pH, DOC and total hardness) 

1-4,800 µg/L
b
 0.63-3,200 µg/L

b
 

1988 AWQC 
(pH 6.5 ï 9.0, across all total hardness and DOC ranges) 

750 µg/L 87 µg/L 

a 
Values are recommended not to be exceeded more than once every three years on average. 

b
 Criteria values will be different under differing water chemistry conditions as identified in this document, as 

described in Appendix K and applied in the Aluminum Criteria Calculator. 
 

Estuarine/Marine Criteria Update  

 As with the 1988 AWQC for aluminum, there are still insufficient data on estuarine and 

marine species to fulfill the MDRs as specified in the 1985 Guidelines. As a result, the EPA 

cannot recommend criteria for estuarine/marine waters at this time. The 1985 Guidelines require 
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that data from a minimum of eight families are needed to calculate an estuarine/marine Final 

Acute Value (FAV). New acute toxicity data for five families representing five species of 

estuarine/marine organisms are available for aluminum; no data were previously available. The 

most sensitive species was the polychaete worm (Ctenodrilus serratus) with a Species Mean 

Acute Value (SMAV) of 97.15 µg/L total aluminum, and the most tolerant species was a 

copepod (Nitokra spinipes) with a SMAV of 10,000 µg/L. No acceptable acute tests on 

estuarine/marine fish species were available. There are no estuarine/marine chronic toxicity data 

for fish or other genera that meet the test acceptability and quality assurance and quality control 

(QA/QC) principles as outlined in the 1985 Guidelines. Thus acute and chronic aluminum 

toxicity data for estuarine and marine species remain a data gap. 



1 

1 INTRODUCTION AND BACKGROUND  

 The United States Environmental Protection Agency (EPA) establishes national 

recommended Ambient Water Quality Criteria (AWQC) as authorized under section 304(a)(1) of 

the Clean Water Act (CWA). Section 304(a)(1) aquatic life criteria serve as recommendations to 

states and authorized tribes by defining ambient water concentrations that will protect against 

unacceptable adverse ecological effects to aquatic life resulting from exposure to pollutants 

found in water, consistent with the 1985 Guidelines. Section 304(a) recommended aquatic life 

criteria are developed to provide for the protection and propagation of fish and shellfish. Once 

the EPA publishes final section 304(a) recommended water quality criteria, states and authorized 

tribes may adopt these criteria into their water quality standards to protect designated uses of 

water bodies. States and authorized tribes may adopt water quality criteria that reflect 

adjustments to the EPAôs recommended section 304(a) criteria to reflect local environmental 

conditions and human exposure patterns. Alternatively, states and authorized tribes may derive 

numeric criteria based on other scientifically defensible methods that protect the designated use. 

After adoption, states and authorized tribes submit new and revised water quality standards 

(WQS) to the EPA for review and approval or disapproval under CWA section 303(c). When 

approved by the EPA, the state or authorized tribeôs WQS become the applicable WQS for CWA 

purposes. Such purposes include identification of impaired waters and establishment of Total 

Maximum Daily Loads (TMDLs) under CWA section 303(d) and derivation of water quality-

based effluent limitations in permits issued under the CWA Section 402 National Pollutant 

Discharge Elimination System (NPDES) permit program. 

 As required by the CWA, the EPA periodically reviews and revises section 304(a) 

AWQC to ensure the criteria accurately reflect the latest scientific knowledge. The EPA 

previously published AWQC recommendations for aluminum in 1988 (EPA-440/5-86-008
2
), and 

is updating these criteria through its authority under CWA section 304(a). Water quality criteria 

are developed following the guidance outlined in the EPAôs ñGuidelines for Deriving Numerical 

National Water Quality Criteria for the Protection of Aquatic Organisms and Their Usesò 

(Stephan et al. 1985) (herein referred to as the ñ1985 Guidelinesò). This document describes 

                                                 
2
 https://www.epa.gov/wqc/national-recommended-water-quality-criteria-aquatic-life-criteria-table 

https://www.epa.gov/wqc/national-recommended-water-quality-criteria-aquatic-life-criteria-table
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scientifically defensible water quality criteria values for aluminum pursuant to CWA section 

304(a), derived utilizing best available data in a manner consistent with the 1985 Guidelines. 

 

2 PROBLEM FORMULATION  

 Problem formulation provides a strategic framework to develop water quality criteria by 

providing an overview of a chemicalôs sources and occurrence, fate and transport in the 

environment, and toxicological characteristics and factors affecting toxicity. A problem 

formulation uses this information to develop a conceptual model and identify the most relevant 

chemical properties and endpoints for evaluation. The structure of this effects assessment for 

aluminum is consistent with the EPAôs Guidelines for Ecological Risk Assessment (U.S. EPA 

1998a). This ecological effects assessment describes scientifically defensible water quality 

criteria values for aluminum under CWA section 304(a)(1).  

2.1 Overview of Aluminum Sources and Occurrence 

This section provides an overview of available reliable information from the peer-

reviewed literature that characterizes sources and occurrence of aluminum in the environment. 

Aluminum is the third most abundant element and the most common metal in the Earth's crust, 

comprising about eight percent of the lithosphere (CRC 2000). It is typically found in 

complexation with oxygen (as oxides) and silica (as silicates), but rarely in the elemental state 

(Greenwood and Earnshaw 1997). Aluminum is found in most rocks, particularly igneous rocks, 

containing aluminosilicate minerals (Staley and Haupin 1992), and associated with clays and 

soil/sediments. Different water column forms include monomeric, polymeric, particulate 

(suspended) and colloidal forms of aluminum. Ions such as chloride, fluoride, nitrate, phosphate 

and sulfate form soluble complexes with aluminum, as do fulvic and humic acids (U.S. EPA 

1988).  

Aluminum enters the aquatic environment from both natural and anthropogenic sources, 

with natural sources typically dominating occurrence (Lantzy and MacKenzie 1979). This is due 

to the abundance of aluminum in rocks and minerals released by weathering (Lee and Von 

Lehmden 1973; Sorenson et al. 1974). Other natural aluminum sources include volcanic activity 

and acidic spring waters (USGS 1993; Varrica et al. 2000).  

Anthropogenic releases are primarily associated with industrial processes and include air 

emissions, wastewater effluent and solid waste (ATSDR 2008). Anthropogenic sources include 
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fossil fuel combustion, aluminum production (mining and smelting) and aluminum present in 

fertilizers used in agriculture (Lantzy and MacKenzie 1979; Lee and Von Lehmden 1973; Ondov 

et al. 1982; Que Hee et al. 1982). Alum (potassium aluminum sulfate), used as a coagulant to 

clarify drinking water and wastewater, can also be a source of aluminum if this water is 

discharged to aquatic systems (Gidde et al. 2012). 

A common source of aluminum in freshwater systems is from the mobilization of 

aluminum from rocks and soils by acid precipitation, heavy rains, or snow melt (Bjerknes et al. 

2003). For estuaries and oceans, the primary source of aluminum is from riverine discharges, 

with the majority of the introduced aluminum sorbed to the surface of clay particles in estuarine 

sediments (Hydes and Liss 1977). However, aluminum that is either bound to clays or 

complexed to dissolved organic carbon can be converted to the reactive species upon mixing 

with high pH and high salinity ocean waters (Bjerknes et al. 2003; Rosseland et al. 1998; Teien 

et al. 2006a). The mechanism of this conversion is not well understood.  

Aluminum is still actively mined in the U.S. from bauxite, the primary aluminum ore 

(mainly in Arkansas), with approximately 2 million metric tons produced in 2014. This raw 

domestic feedstock, plus imported bauxite and recycled aluminum, are currently processed at 

nine U.S. smelters into refined products (Bray 2015; USGS 2013). Because of aluminumôs 

properties (light weight, resistance to corrosion, electrical conductivity, and durability), it has 

many diverse uses including: the transportation industry (automobiles, airplanes, trucks, railcars, 

marine vessels, etc.); packaging (cans, foil, etc.); construction (windows, doors, siding, etc.); 

consumer durables (appliances, cooking utensils, etc.); electrical transmission lines; and 

machinery (USGS 2013). Aluminum is also used in wastewater treatment to reduce effluent 

phosphorus levels (Tchobanoglous et al. 2003) and in the pharmaceutical industry in antacids 

and as a food additive (Government of Canada 1998).  

The Water Quality Data Portal (https://www.waterqualitydata.us/) is an extensive 

database of environmental measurements available to identify concentrations of chemical 

contaminants, including aluminum, in surface waters such as rivers and streams. The results are 

reported in filtered and unfiltered categories. The terms filtered, dissolved, unfiltered, and total 

and their relationships, as defined by the U.S. Geological Survey (USGS), are presented below. 

ñDissolvedò refers to constituents that exist in chemical solution in a water sample. ñFilteredò 

pertains to constituents in a water sample passed through a filter membrane of specified pore 

https://www.waterqualitydata.us/
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diameter, most commonly 0.45 micrometer or less for inorganic analytes. Therefore, for 

interpretation, the filtered samples (prior to acidification) will be assumed to be dissolved 

aluminum. ñTotalò pertains to the constituents in an unfiltered, representative water-suspended-

sediment sample. This term is used only when the analytical procedure includes an acid digestion 

procedure that ensures measurement of at least 95 percent of the constituent present in both the 

dissolved and suspended phases of the sample. Therefore, for interpretation, the unfiltered 

samples are assumed to be total recoverable aluminum. 

Aluminum data for freshwater systems were obtained from the Water Quality Data Portal 

(accessed 2/16/17) for data representing years 1991 to 2017. A total of 7,483 surface water 

samples were collected (4,991 filtered samples and 2,492 unfiltered samples) in that timeframe 

and analyzed for dissolved and total aluminum, respectively. The range of concentrations 

reported for dissolved aluminum was 0.8 µg/L to a maximum concentration reported of 20,600 

µg/L. The range of total aluminum concentrations across all sites was a minimum of 0.9 µg/L, 

with a maximum reported total concentration of 210,000 µg/L. Groundwater concentrations of 

dissolved aluminum (filtered using a 0.45 micrometer filter) from the USGS National Water 

Quality Assessment Program (NAWQA) database collected during 1992-2003 are presented in 

Figure 1, and had a 90
th
 percentile concentration of dissolved aluminum concentrations of 11 

µg/L. 
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Figure 1. Geographic Distribution of Dissolved Aluminum Concentrations in Groundwater 

Collected from Wells as Part of the National Water-Quality Assessment Program, 1992ï

2003. 
(Ayotte et al. 2011, used with permission.) 

 

Aluminum concentrations in marine and estuarine waters are generally lower than levels 

found in freshwater systems, especially compared to acid-impacted areas (Gensemer and Playle 

1999). Data for dissolved aluminum in coastal and marine waters were compiled from the 

scientific literature by Angel et al. (2016) and indicate that concentrations range from 0.5 to 2 

µg/L in coastal waters, and from 0.008 to 0.68 µg/L in the open ocean. Other researchers have 

also reported that values are generally Ò1 Õg/L in ocean waters (Brown et al. 2010; Hydes and 

Liss 1977; Tria et al. 2007). At the typical ocean pH of 8.0-8.3, aluminum forms complexes with 

hydroxide ion, primarily as Al(OH)4, which precipitates out of solution. This largely explains the 

low concentrations in marine waters.  

Much of the early to mid-1970s metals data in samples from natural waters are 

considered erroneously high due to contamination from sampling methods or containers. These 

flaws were corrected with the implementation of clean sampling techniques and guidance 

provided by U.S. EPAôs Method 1669: Sampling Ambient Water for Trace Metals at EPA Water 
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Quality Criteria Levels (U.S. EPA. 2004). This method was designed to support water quality 

monitoring programs authorized under the Clean Water Act, specifically created for measuring 

toxic metals at the low part-per-trillion to low part-per-billion range (U.S. EPA 1996). 

Average concentrations of total aluminum in the atmosphere were observed to range from 

0.005 to 0.18 ɛg/m
3
 (Hoffman et al. 1969; Potzl 1970; Sorenson et al. 1974). These 

concentrations are dependent on the location, weather conditions and industrial activity in the 

area with most of the airborne aluminum present in the form of small suspended particles of soil 

(dust) (ATSDR 2008). It should be noted that aluminum concentrations in air samples are often 

dependent upon the aluminum levels of the entrained soil particles, especially if measured as 

total aluminum. Goncharuk et al. (2012) sampled sea aerosols from the lower portion of the 

troposphere in the Black Sea (2002-2008), the Caspian Sea (2002-2006), the Baltic Sea (2001-

2008), the White, Barents and Kara Seas (2005-2007) and high-altitude arctic regions in the 

Arctic and South Atlantic Oceans. Air samples were collected by aerosol filters for 3 to 5 hours 

during headwind conditions in the direction of atmospheric phenomenon. Most reported 

atmospheric total aluminum concentrations were less than 1 ɛg/m
3
. The authors noted that the 

lowest concentrations were found at the high-altitude northern arctic regions, with increasing 

levels observed for the Western Arctic seas, and the highest concentrations reported for the most 

southerly located Black and Caspian Seas. They suggested that this northern to southern 

increasing concentration trend could be due to differential anthropogenic loading to the 

respective water bodies, and also with the increasing emissions of domestic and industrial 

wastes, wastewater, and emergency discharges of toxicants. Urban and industrial areas can have 

higher atmospheric total aluminum concentrations with levels reported from 0.4 to 8.0 ɛg/m
3
 

(Cooper et al. 1979; Dzubay 1980; Kowalczyk et al. 1982; Lewis and Macias 1980; Moyers et al. 

1977; Ondov et al. 1982; Pillay and Thomas 1971; Sorenson et al. 1974; Stevens et al. 1978). 

Total aluminum concentrations in North Atlantic precipitation collected in 1988 ranged 

from 6.1 to 827 ɛg/L (Lim and Jickells 1990). This is similar to a recent study that collected 

rainfall from two Mexico locations: a rural forested region 80 km south and downwind of 

Mexico City and Mexico City itself (Garcia et al. 2009). Average total aluminum precipitation 

concentrations reported in the rural area (107.2 ɛg/L, range of 28.8-222.7 ɛg/L) were higher than 

observed in the urban area (83.9 ɛg/L, range 35.8-125.4 ɛg/L). Samples of wet deposition 

collected in semi-rural Dexter, Michigan, had an average total aluminum concentration of 57 
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ɛg/L (Landis and Keeler 1997). Much lower levels of total aluminum were found in rainfall 

samples collected in Japan during 2000 and 2002 where average concentrations ranged from 2.71 

to 6.06 ɛg/L (Takeda et al. 2000; Vuai and Tokuyama 2011). Atmospheric precipitation (i.e., 

rain and snow) samples collected in the U.S. have contained up to 1,200 ɛg/L total aluminum 

(Dantzman and Breland 1970; DOI 1971; Fisher et al. 1968; USGS 1964). No available 

information was found reporting concentrations of aluminum in fog. 

Due to the abundance of aluminum in the earthôs crust, soil concentrations can range 

widely from approximately 700 mg/kg to over 100,000 mg/kg (Shacklette and Boerngen 1984; 

Sorenson et al. 1974), averaging 71,000 mg/kg (Frink 1996). These concentrations are generally 

dependent on local geology and associated vegetation types and can vary within the same area, 

often strongly correlated with its clay content (Ma et al. 1997). Total aluminum concentrations in 

1,903 soil samples collected from the continental U.S., Hawaii, Virgin Islands, Guam and Puerto 

Rico ranged from 500 to 142,000 mg/kg (Burt et al. 2003). In streambed sediment samples 

collected from locations in the conterminous U.S. from 1992 to 1996, aluminum concentrations 

ranged from 1.4 to 14% (by weight) (Rice 1999). Marsh/estuarine sediment samples collected 

from nine sampling sites within or along Georgiaôs Cockspur Island and McQueenôs Island at 

Fort Pulaskiôs National Monument, a salt marsh ecosystem, had aluminum concentrations 

ranging from 17 to 820 mg/kg dry weight (Kumar et al. 2008).  

Aluminum may form a precipitate when aluminum-rich water meets less acidic water. 

This precipitate mix, referred to as a floc, may include other co-precipitated ions, as well as 

nutrients, suspended materials and microorganisms. Removal of phosphorus from water has been 

observed in laboratory studies (Auvraya et al. 2006; Gilmore 2009; Matheson 1975; Minzoni 

1984; Peterson et al. 1974; Westholm 2006) and in lake field studies (Knapp and Soltero 1983; 

Pilgrim and Brezonik 2005; Reitzel et al. 2005). Turbidity due to clay has been removed from 

pond waters using aluminum sulfate (Boyd 1979). Unz and Davis (1975) hypothesized that 

aluminum floc might coalesce bacteria and concentrate organic matter in effluents, thus assisting 

the biological sorption of nutrients. Aluminum sulfate (or alum) has been used to flocculate algae 

from water (McGarry 1970; Minzoni 1984; Zarini et al. 1983). 

2.2 Environmental Fate and Transport of Aluminum in the Aquatic Environment 

Aluminum (CAS Number 7429-90-05) is a silver white, malleable, and ductile metal that 

is odorless, and has a molecular weight of 26.98 g/mole (HSDB 2008). It has a density of 2.70 
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g/cm
3
, a melting point of 660°C, a boiling point of 2,327°C, a vapor pressure of 1 mm Hg at 

1,284°C, and is insoluble in water (CRC 2000; HSDB 2008). The n-octanol/water partitioning 

coefficient (Kow), organic-carbon normalized partition coefficient (Koc), and Henryôs law 

constant for aluminum are unknown.  

The chemistry of aluminum in surface water is complex because of the following 

properties: 1) it is amphoteric, meaning it is more soluble in acidic solutions and in basic 

solutions than in circumneutral solutions; 2) specific ions such as chloride, fluoride, nitrate, 

phosphate and sulfate form soluble complexes with aluminum; 3) it can form strong complexes 

with fulvic and humic acids; 4) hydroxide ions can connect aluminum ions to form soluble and 

insoluble polymers (e.g. gibbsite, corundum); and 5) under at least some conditions, solutions of 

aluminum in water approach chemical equilibrium rather slowly, with monomeric species of 

aluminum transforming into insoluble polymers which precipitate out of solution over time 

(Angel et al. 2016; Campbell et al. 1983; Hem 1968a,b; Hem and Roberson 1967; Hsu 1968; 

Roberson and Hem 1969; Smith and Hem 1972).  

Aluminum exists as inorganic, monomeric species (Al
3+

, Al(OH)
2+

, Al(OH)2
+
, Al(OH)3, 

and Al(OH)4
ï
), as amorphous Al(OH)3 leading to gibbsite formation and precipitation, and as 

polynuclear species such as the tridecameric Al13 polynuclear species (Gensemer and Playle 

1999). The chemistry of aluminum in aquatic environments is complex, and several 

comprehensive reviews on its biological effects have been published (e.g., Driscoll and Schecher 

1988; Gensemer and Playle 1999; Gostomski 1990; Havas 1986a,b; Havas and Jaworski 1986; 

Howells et al. 1990; Lewis 1989; Lydersen and Lofgren 2002; Rosseland et al. 1990; 

Scheuhammer 1991; Sigel and Sigel 1988; Sparling and Lowe 1996a; Sposito 1989, 1996; 

Wilson 2012; Yokel and Golub 1997). Effects on the aquatic community and considerations for 

criteria development are addressed below. 

Aluminum from both natural and anthropogenic sources is transported by several means. 

Natural aluminum transport mechanisms include rock and mineral weathering, volcanic activity 

and acidic spring waters (USGS 1993; Varrica et al. 2000). Anthropogenic releases include air 

emissions, effluent dischargers and solid waste leaching. Aluminum is transported through the 

atmosphere as windblown particulate matter and is deposited onto land and water by wet and dry 

deposition. Atmospheric loading rates of aluminum to Lake Michigan have been estimated at 5 
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million kg/year (Eisenreich 1980), and at 0.1 g/m
2
-year on Massachusetts Bay (Golomb et al. 

1997).  

Factors such as pH, temperature, and presence of complexing ions influence the fate and 

transport of aluminum in the environment. Of primary importance to understanding aluminum 

fate and behavior are its interactions with pH (see Figure 2). At neutral pH, aluminum is nearly 

insoluble, but its solubility increases exponentially as the pH reaches either acidic (pH<6) or 

basic (pH>8) conditions (Gensemer and Playle 1999). At pH values between 6.5 and 9.0 in fresh 

water, aluminum occurs predominantly in solution as monomeric, dimeric, and polymeric 

hydroxides and as complexes with fulvic and humic acids, chloride, phosphate, sulfate, and less 

common anions. The Ksp (solubility product) of aluminum hydroxide (gibbsite) ranges from 1.06 

x 10
-33

 (Gayer et al. 1958) to 3.7 x 10
-15

 at 25°C (CRC 2000). Thus, aluminum hydroxide is 

insoluble compared to the more soluble salts used to determine aluminum toxic effect levels to 

aquatic species (aluminum chloride Ksp = 2.04 x 10
4
, aluminum nitrate Ksp = 2.16 x 10

3
, and 

aluminum sulfate Ksp = 6.92 x 10
1
) (CRC 2000).  
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Figure 2. Results of Al Speciation Calculations at a Total of 65 ɛM Al in the Absence of 

L igands (panel A) and in the Presence of Citrate (65 ɛM) (panel B), Maltolate (195 ɛM) 

(panel C), and Fluoride (260 ɛM) (panel D) in the pH Range 2 to 8. 
The dotted lines indicate solutions that would be supersaturated with respect to freshly prepared Al(OH)3. 

(Zhou et al. 2008, Figure 1, used with permission.) 

 

Aluminum solubility increases at lower temperatures and in the presence of complexing 

ligands (both inorganic and organic) (ATSDR 2008; Lydersen, 1990; Wilson 2012). These two 

characteristics are significant because episodic acidic pulses in streams, for example during 

winter snowmelt, maximize the solubility of aluminum if pH drops to 5.5 or lower (Schofield 

1977; Wilson 2012), and therefore may mobilize aluminum. 

In the early 1980s the impacts of acid rain and aluminum toxicity were observed in 

aquatic and terrestrial environments in specific regions of the U.S., most notably in the 

northeastern part of the country where aquatic systems had limited buffering capacity to prevent 

pH changes. Researchers observed that aluminum can be a major factor responsible for the 

demise of biotic communities since the toxicant becomes more soluble and potentially more 

toxic to aquatic biota at acidic pH (Gensemer and Playle 1999). 

2.3 Mode of Action and Toxicity 

Aluminum has no biologically important functions or beneficial properties to aquatic life, 

and is therefore considered a non-essential metal (Eichenberger 1986; Exley 2003; Tchounwou 
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et al. 2012; Williams 1999; Wood 1984, 1985). It has been identified as the cause of harmful 

effects on fish and wildlife, but is not a known teratogen, carcinogen or mutagen (Leonard and 

Gerber 1988). The specific mechanisms of aluminum toxicity to aquatic organisms have been 

investigated extensively for fish and to a lesser extent for aquatic invertebrates. 

For invertebrates, it is postulated that aluminum disrupts concentrations of specific ions, 

primarily resulting in a loss of sodium (Hornstrom et al. 1984). Elevated levels of aluminum 

affect ion regulation and the respiratory efficiency of sensitive species (Sparling and Lowe 

1996a). Havas (1985) found that aluminum interfered with salt regulation in Daphnia magna, 

which caused a reduction in whole body sodium and chloride concentrations, resulting in death. 

In addition, aluminum has been shown to increase respiration, and thereby energy demands 

among mayfly species (Herrmann and Andersson 1986).  

For fish, the gill is the primary site of aluminum toxic action, resulting in ionoregulatory, 

osmoregulatory and respiratory dysfunction. The gill is the primary site of aluminum toxicity 

under either acidic or alkaline conditions (Wilson 2012). Under acidic conditions, aluminum 

disrupts the barrier properties of the gill epithelium by binding with functional groups at both the 

apical gill surface and intracellularly within the lamellar epithelial cells (Exley et al. 1991). At 

reduced pH (<6.5), aluminum will accumulate on the gill surface resulting in physical damage to 

the epithelial cells that subsequently causes a loss of plasma ions (Na
+
, Cl

-
), reduced ion uptake 

and gas exchange. At alkaline pH (>8), the negatively charged aluminate anion dominates which 

also disrupts gill function, but to a lesser degree due to the lack of binding of the aluminate anion 

to the negatively charged gill surface. The subsequent necrosis of the epithelial cells causes a 

loss of plasma ions (Na
+
, Cl

-
), reduced osmolality and gas exchange, and if severe enough, the 

death of the fish (Dietrich 1988; Dietrich and Schlatter 1989a,b; Leivestad et al. 1980; Mallatt 

1985; Muniz and Leivestad 1980a,b; Rosseland and Skogheim 1984, 1987). Mitigation of these 

toxic effects was observed with moderate concentrations of calcium (Brown 1981b), high 

concentrations of humic acids (Baker and Schofield 1982; Driscoll et al. 1980), and high 

concentrations of silica (Birchall et al. 1989). Fish in low pH waters with high aluminum 

concentrations will accumulate aluminum on the gill surface (Rosseland et al. 1990). Bjerknes et 

al. (2003) observed elevated aluminum concentrations in the gills of dead and ñsluggishò 

Atlantic salmon (Salmo salar) associated with ruptured atria, which the authors suggested may 

have resulted from hypercapnia (abnormally elevated carbon dioxide levels in the blood) caused 
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by circulatory distress from the clogging of gills with aluminum. The specific mechanisms of 

aluminum toxicity at alkaline pH are not well understood. 

In laboratory toxicity tests, organisms are exposed to a mixture of dissolved and 

particulate aluminum depending on how long the acidic aluminum stock solution has been 

allowed to equilibrate prior to dosing the organisms (Angel et al. 2016). Over time (minutes) as 

the aluminum from the stock solution equilibrates with the test water and the pH increases, the 

monomeric species of aluminum transform to the newly-formed insoluble polymeric hydroxide 

species, which are more toxic (Cardwell et al. 2018). Thus, soon after test initiation, there is a 

transformation period of rapid speciation changes from short-lived transient amorphous and 

colloidal forms of aluminum (from minutes to a few hours) to more stable crystalline forms that 

can take days to form (Gensemer et al. 2018). Aged stock solutions (aluminum solutions that 

have been given sufficient time (i.e., hours to days) to form more stable forms of aluminum) 

have been shown to be less toxic than those that are not aged (Exley et al. 1996; Witters et al. 

1996). Unfortunately, many studies included for criteria derivation did not describe stock 

solution age prior to test initiation, and this variable therefore cannot be factored into the toxicity 

assessment. 

Several investigators have found different trends in the toxicity of aluminum under 

different pH conditions, and toxicity of aluminum appears to be lowest at neutral pH 

(approximately 7), with toxicity tending to increase with either increasing or decreasing pH 

(above and below neutral pH). Freeman and Everhart (1971) found that the lethal time to 50% of 

the rainbow trout decreased (i.e., was more toxic) as the pH increased from 6.8 to 8.99 when 

rainbow trout were exposed in flow-through tests to the same nominal (unmeasured) aluminum 

concentration. They concluded that soluble aluminum was the toxic form. Hunter et al. (1980) 

observed the same relationship of increasing toxicity with rainbow trout over a pH range of 7.0 

to 9.0 in chronic static renewal toxicity studies (also nominal aluminum exposures). Call (1984) 

conducted measured static acute toxicity studies with fathead minnows at pH of 7.61 and 8.05 

and showed a slight increase in toxicity at increased pH. However, in another measured static 

acute toxicity study with a different species, rainbow trout, Call (1984) found a decrease in 

toxicity as pH increased for the studies conducted at pH 7.31 and 8.17. Thus, generally, most 

studies show that aluminum toxicity increases as pH increases in the range of approximately 7.0 

to 9.0.  
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Regarding toxicity at low pH, Freeman and Everhart (1971) also observed the greater 

toxicity at acidic pH 6.52 in static renewal tests with rainbow trout. In a measured static acute 

toxicity study with rainbow trout by Call (1984), tests were conducted with pH measurements of 

6.59, 7.31 and 8.17. The greatest toxicity was observed at the acidic pH of 6.59. The tests 

conducted by Freeman and Everhart (1971) and Hunter et al. (1980) were static renewal or flow-

through and showed the lowest acute values. The flow-through and renewal tests are considered 

to be a more reliable way to conduct toxicity tests for aluminum because the dosed chemical is 

more likely to remain in solution at the desired concentration, and less likely to drop below 

nominal levels due to precipitation and/or adherence to test vessel surfaces. In addition, because 

the polymerization of aluminum hydroxide is a relatively slow process, the chemical form of 

aluminum might have differed from test to test due to the amount of time the aluminum was in 

stock and test solutions. 

The influence of pH on aluminum speciation and associated toxicity to aquatic organisms 

is readily apparent and highlights the importance of pH control during toxicity tests. Depending 

on the pH at test initiation, the greatest potential for pH drift would be static exposures, followed 

by static-renewal and finally flow-through studies. All of the studies evaluated for criteria 

derivation reported pH, and most included the standard deviation of the measurements, thus 

providing a rough estimate of pH drift during the exposure. Only selected studies, however, 

described pH drift for individual tests (e.g., ENSR 1992c,d; European Aluminum Association 

2009). 

Driscoll et al. (1980) tested postlarvae of brook trout and white suckers under slightly 

acidic conditions and concluded that only inorganic forms of aluminum were toxic to fish. 

Hunter et al. (1980) reported that the toxicity of test solutions was directly related to the 

concentration of dissolved aluminum that passed through a 0.45 ɛm membrane filter.  

In dilute aluminum solutions, formation of particles and the large insoluble polynuclear 

complexes known as floc is primarily a function of the concentration of organic acids and the 

hydroxide ion. Time for particle formation varies from less than one minute to several days 

depending upon the source of aluminum (i.e., aluminum chloride, aluminum nitrate), the pH and 

the presence of electrolytes and organic acids (Snodgrass et al. 1984). When particles form an 

aggregate large enough to become visible, the floc is white in color, and tends to settle. Mats of 

aluminum floc have been reported blanketing a stream bed (Hunter et al. 1980). Laboratory 
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studies conducted at alkaline pH levels have reported floc in the exposure chambers (Brooke 

1985; Call 1984; Lamb and Bailey 1981; Zarini et al. 1983). The floc did not appear to affect 

most aquatic species. However, the swimming ability of Daphnia magna was impeded by 

ñfibersò of flocculated aluminum trailing from the carapaces. Additionally, the mobility and 

feeding of midges also was affected, ultimately resulting in death (Lamb and Bailey 1981). 

Bottom-dwelling organisms may be impacted more by aluminum floc in the field than in the 

laboratory due to the greater floc layer thickness observed in the field relative to laboratory 

exposures (U.S. EPA 1988), but this will also depend on the water velocity and mixing in both 

the field and the laboratory. 

Aquatic plant toxicity to aluminum can be dependent on the speciation of aluminum 

which is controlled by pH. In a study of cell growth rate of the green alga, Chlorella 

pyrenoidosa, to aluminum, Helliwell et al. (1983) found that decreased cell growth occurred in 

the pH range of 5.8 to 6.2. This is near the pH of minimum solubility of aluminum and 

maximum concentration of Al(OH)2
+
. They found that the toxicity of aluminum decreased as pH 

increased from 6.2 to 7 or as pH decreased from 5.8 to 4.7, and they hypothesized that the 

monovalent hydroxide is the most toxic form. Seip et al. (1984) stated that ñthe simple 

hydroxides (Al(OH)
+2

 and Al(OH)2
+
) are regarded as the most dangerous forms, while 

organically bound aluminum and polymeric forms are less toxic or essentially harmless.ò 

However, one study found algae productivity and biomass were seldom affected if the pH is 

above 3.0 (Sparling and Lowe 1996a). Aluminum and acid toxicity tend to be additive to some 

algae when the pH is less than 4.5. Because aluminum binds with inorganic phosphorus, it may 

reduce the availability of this nutrient thereby reducing productivity (Sparling and Lowe 1996a). 

As shown in Appendix E and Appendix H, the effects of aluminum on algae productivity and 

biomass are dependent on the pH, total hardness and DOC of the exposure solutions. 

2.3.1 Water Quality Parameters Affecting Toxicity 

Bioavailability of aluminum is affected by water chemistry parameters such as pH, total 

hardness and DOC, and to a lesser extent fluoride. The pH of waters affects aluminum speciation 

and solubility. Aluminum can sorb to dissolved organic carbon (DOC), such as humic and fulvic 

acids, and form organic aluminum complexes. An increase in DOC in waters reduces the 

bioavailability of aluminum to aquatic organisms as a result of this binding (Wilson 2012). 

Hardness also has an effect on the toxicity of aluminum, as the cation Al
+3

 competes with other 
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cations present in water such as calcium (Ca
+2

) for uptake (Gensemer and Playle 1999). The 

observed effect of total hardness may be due to one or more of a number of usually interrelated 

ions, such as hydroxide, carbonate, calcium, and magnesium. Acute tests were conducted at four 

different levels of water total hardness with Ceriodaphnia dubia (ENSR 1992d), demonstrating 

that daphnids were more than 138 times more sensitive to aluminum in soft water than in hard 

water (Appendix A Acceptable Acute Toxicity Data of Aluminum to Freshwater Aquatic 

Animals). Data in Appendix A also indicate that aluminum was more toxic to Daphnia magna, 

brook trout, and fathead minnows in soft water than in hard water. In contrast, no apparent total 

hardness-toxicity relationship was observed for rainbow trout exposed to three different total 

hardness levels at a controlled pH of 8.3 (Gundersen et al. 1994). This is consistent with data 

recently published by DeForest et al. (2018a) and Gensemer et al. (2018) demonstrating that 

there is a reduced effect of total hardness at elevated pH levels. 

Development of the Biotic Ligand Model (BLM - formerly the ñgill modelò) and multi-

parameter linear regression models in recent years were intended to better account for the water 

chemistry parameters that most strongly affect the bioavailability, and hence toxicity, of metals 

to aquatic life. The BLM, a mechanistic model that uses a series of submodels to quantify the 

capacity of metals to accumulate or bind to active sites on the gills of aquatic organisms, 

estimates the bioavailable portion of dissolved metals in the water column based on site-specific 

water quality parameters such as pH, hardness, and DOC (McGeer et al. 2000; Meyer et al. 1999; 

Pagenkopf 1983; Paquin et al. 1999; U.S. EPA 1999a, 2000). Multiple linear regression (MLR) 

models are statistical in nature and can also take into account pH, total hardness and DOC. While 

MLR models are less complex than BLM models, they also estimate the bioavailability of 

aluminum to aquatic species. The EPA evaluated the use of empirical, non-mechanistic MLR 

models for aluminum (DeForest et al. 2018a) as a bioavailability-based approach for deriving 

water quality criteria as well as a BLM model for aluminum (Santore et al. 2018). Note that the 

aluminum BLM developed by Santore et al. (2018) differs from earlier BLMs for other metals, 

because the aluminum BLM accounts for the dissolved and precipitated fraction of aluminum. 

Previous BLMs for other metals only account for the dissolved fraction of the metal. 

The EPA decided to use an empirical MLR approach in this aluminum criteria update 

rather than a BLM model due to: 1) the relative simplicity and transparency of the model, 2) the 

relative similarity to the available BLM model outputs, and 3) the decreased number of input 
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data on water chemistry needed to derive criteria at different sites. An external peer review of an 

approach using a pH and total hardness equation-based criteria, an MLR approach, and a BLM 

approach for aluminum criteria development was conducted in 2015 and peer-reviewers' 

comments were considered in the selection of the MLR-based criteria approach. The EPA 

independently examined and verified the quality and fit of the DeForest et al. (2018a,b) MLR 

models before applying them in this criteria document. 

2.4 Conceptual Model 

Conceptual models consist of a written description and diagram (U.S. EPA 1998a) that 

illustrate the relationships between human activities, stressors, and ecological effects on 

assessment endpoints. The conceptual model links exposure characteristics with the ecological 

endpoints important for management goals.  

2.4.1 Conceptual Diagram 

Aluminum can originate from both natural and anthropogenic sources (Lantzy and 

MacKenzie 1979). The environmental fate properties of aluminum indicate that 

weathering/erosion, volcanic activity, runoff/leaching, groundwater recharge, spray drift from 

aluminum-containing pesticides, and atmospheric deposition represent potential transport 

mechanisms of aluminum to surface water habitats for aquatic organisms (ATSDR 2008). These 

transport mechanisms are depicted in the conceptual model below for natural (i.e., weathering 

and erosion, volcanic activity) and anthropogenic sources of aluminum to the environment (i.e., 

wastewater treatment, resource extraction, smelting/manufacturing operations, agricultural uses 

and fossil fuel combustion) (Figure 3). The model also depicts exposure pathways for biological 

receptors of concern (e.g., aquatic animals) and the potential attribute changes (i.e., effects such 

as reduced survival, growth and reproduction) in the receptors due to aluminum exposure. A 

solid line indicates a major pathway and a dashed line indicates a minor pathway. Aquatic 

assessments address exposure primarily through anthropogenic releases, runoff and atmospheric 

deposition.  

 The conceptual model provides a broad overview of how aquatic organisms can 

potentially be exposed to aluminum. Derivation of criteria focuses on effects on survival, growth 

and reproduction of aquatic organisms. However, the pathways, receptors, and attribute changes 

depicted in Figure 3 may be helpful for states and authorized tribes as they adopt criteria into 

standards and need to evaluate potential exposure pathways affecting designated uses.
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Figure 3. Conceptual Model for Aluminum Effects on Aquatic Organisms. 
(Dotted lines indicate exposure pathways that have a lower likelihood of contributing to ecological effects).  
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2.5 Assessment Endpoints 

 Assessment endpoints are defined as the explicit expressions of the environmental values 

to be protected and are comprised of both the ecological entity (e.g., a species, community, or 

other entity) and the attributes or characteristics of the entity to be protected (U.S. EPA 1998a). 

Assessment endpoints may be identified at any level of organization (e.g., individual, population, 

community). In the context of the CWA, aquatic life criteria for toxic substances are typically 

determined based on the results of toxicity tests with aquatic organisms, for which adverse 

effects on growth, reproduction, or survival are measured. This information is aggregated into a 

genus sensitivity analysis that characterizes an impact to the aquatic community. Criteria are 

designed to be protective of the vast majority of aquatic animal taxa in an aquatic community 

(i.e., approximately the 95
th
 percentile of genera based on tested aquatic animals representing the 

aquatic community per the 1985 Guidelines recommendations (Stephan et al 1985). Assessment 

endpoints consistent with the criteria developed in this document are summarized in Table 1. 

 The concept of using laboratory toxicity tests to protect North American bodies of water 

and resident aquatic species is based on the theory that effects occurring to a species in 

controlled laboratory tests will generally occur to the same species in comparable field situations. 

Since aquatic ecosystems are complex and diversified, the 1985 Guidelines require acceptable 

data be available for at least eight genera with a specified taxonomic diversity (the standard 

eight-family minimum data requirement, or MDR). The intent of the eight-family MDR is to 

serve as a typical surrogate sample community representative of the larger and generally much 

more diverse natural aquatic community, not necessarily the most sensitive species in a given 

environment. For many aquatic life criteria, enough data are available to describe a sensitivity 

distribution to represent the distribution of sensitivities in natural ecosystems. In addition, since 

aquatic ecosystems can tolerate some stress and occasional adverse effects, protection of all 

species at all times and places is not deemed necessary. The intent is to protect approximately 95 

percent of a group of diverse taxa, with special consideration given to any commercially and 

recreationally important species (Stephan et al 1985). Thus, if properly derived and used, the 

combination of a freshwater or estuarine/marine acute and chronic aquatic life criteria should 

provide an appropriate degree of protection of aquatic organisms and their uses from acute and 
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chronic toxicity to animals, toxicity to plants, and bioaccumulation by aquatic organisms 

(Stephan et al. 1985). 

 

Table 1. Summary of Assessment Endpoints and Measures of Effect Used in Criteria 

Derivation. 

Assessment Endpoints for the Aquatic 

Community 

Measures of Effect 

Survival, growth, and reproduction of 

freshwater fish, other freshwater vertebrates, 

and invertebrates 

For acute effects: LC50, EC50  

For chronic effects: EC20, MATC (only used when 

an EC20 could not be calculated for the genus), 

EC10 (for bioaccumulative compounds) 

Survival, growth, and reproduction of 

estuarine/marine fish and invertebrates 

For acute effects: LC50, EC50 

For chronic effects: EC20, MATC (only used when 

an EC20 could not be calculated for the genus), 

EC10 (for bioaccumulative compounds) 

Maintenance and growth of aquatic plants 

from standing crop or biomass (freshwater 

and estuarine/marine) 

LOEC, EC20, EC50, IC50, reduced growth rate, cell 

viability, calculated MATC 

MATC = Maximum acceptable toxicant concentration (geometric mean of NOEC and LOEC) 

NOEC = No observed effect concentration 

LOEC = Lowest observed effect concentration 

LC50 = Lethal concentration to 50% of the test population 

EC50/EC20/EC10 = Effect concentration to 50%/20%/10% of the test population 

IC50 = Concentration of aluminum at which growth is inhibited 50% compared to control organism growth 

 

2.6 Measurement Endpoints 

Measurement endpoints (Table 1) are the measures of ecological effect used to 

characterize or quantify changes in the attributes of an assessment endpoint or changes in a 

surrogate entity or attribute, in this case a response to chemical exposure (U.S. EPA 1998a). 

Toxicity data are used as measures of direct and indirect effects on representative biological 

receptors. The selected measures of effects for the development of aquatic life criteria encompass 

changes in the growth, reproduction, and survival of aquatic organisms (Stephan et al. 1985). 

The toxicity data used for the development of aquatic life criteria depend on the 

availability of applicable toxicity test outcomes, the acceptability of test methodologies, and an 

in-depth evaluation of the acceptability of each specific test, as performed by the EPA. 

Measurement endpoints for the development of aquatic life criteria are derived using acute and 

chronic toxicity studies for representative test species, which are then quantitatively and 

qualitatively analyzed, as described in the Analysis Plan below. Measurement endpoints 
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considered for each assessment endpoint in this criteria document are summarized in Table 1. 

The following sections discuss toxicity data requirements for the fulfillment of these 

measurement endpoints.  

2.6.1 Overview of Toxicity Data Requirements 

The EPA has specific data requirements to assess the potential effects of a stressor on an 

aquatic ecosystem and develop CWA section 304(a) aquatic life criteria as described in the 1985 

Guidelines (Stephan et al 1985). Acute toxicity test data (short term effects on survival) for 

species from a minimum of eight diverse taxonomic groups are required for the development of 

acute criteria to ensure the protection of various components of an aquatic ecosystem. 

¶ Acute toxicity test data for species from a minimum of eight diverse taxonomic groups. 

The diversity of tested species is intended to ensure protection of various components of 

an aquatic ecosystem. 

o The acute freshwater requirement is fulfilled with the following eight minimum 

data requirements:  

Á the family Salmonidae in the class Osteichthyes  

Á a second family in the class Osteichthyes, preferably a commercially or 

recreationally important warmwater species (e.g., bluegill, channel catfish, 

etc.) 

Á a third family in the phylum Chordata (may be in the class Osteichthyes or 

may be an amphibian, etc.) 

Á a planktonic crustacean (e.g., cladoceran, copepod, etc.) 

Á a benthic crustacean (e.g., ostracod, isopod, amphipod, crayfish, etc.) 

Á an insect (e.g., mayfly, dragonfly, damselfly, stonefly, caddisfly, 

mosquito, midge, etc.) 

Á a family in a phylum other than Arthropoda or Chordata (e.g., Rotifera, 

Annelida, Mollusca, etc.) 

Á a family in any order of insect or any phylum not already represented 

o The acute estuarine/marine requirement is fulfilled with the following eight 

minimum data requirements: 

Á two families in the phylum Chordata 

Á a family in a phylum other than Arthropoda or Chordata 

Á either the Mysidae or Penaeidae family 

Á three other families not in the phylum Chordata (may include Mysidae or 

Penaeidae, whichever was not used above) 

Á one from any other family 

¶ Chronic toxicity test data (longer-term survival, growth, or reproduction) are required for 

a minimum of three taxa, with at least one chronic test being from an acutely-sensitive 

species.  
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o Acute-chronic ratios (ACRs) can be calculated with data from species of aquatic 

animals from at least three different families if the following data requirements 

are met: 

Á at least one is a fish  

Á at least one is an invertebrate  

Á for freshwater chronic criterion: at least one is an acutely sensitive 

freshwater species (the other two may be estuarine/marine species) or for 

estuarine/marine chronic criterion: at least one is an acutely sensitive 

estuarine/marine species (the other two may be freshwater species).  

 

The 1985 Guidelines also require at least one acceptable test with a freshwater alga or 

vascular plant. If plants are among the aquatic organisms most sensitive to the chemical, results 

of a plant in another phylum should also be available. Data on toxicity to aquatic plants are 

examined to determine whether plants are likely to be unacceptably affected by concentrations 

below those expected to cause unacceptable effects on aquatic animals. As discussed in Section 

3.4 and Section 5.2, based on available data the relative sensitivity of fresh and estuarine/marine 

algae and plants to aluminum (Appendix E Acceptable Toxicity Data of Aluminum to 

Freshwater Aquatic Plants and Appendix F Acceptable Toxicity Data of Aluminum to 

Estuarine/Marine Aquatic Plants) is less than vertebrates and invertebrates, so plant criteria were 

not developed. This trend was apparent for all conditions, as vertebrate and invertebrate 

generated criteria values were always less than alga EC20s (DeForest et al. 2018a), except at 

unrealistically high pH and very high total hardness.  

2.6.2 Measures of Effect 

 The assessment endpoints for aquatic life criteria are based on survival, growth and 

reproduction of the assessed taxa per the 1985 Guidelines (Stephan et al 1985). The measures of 

effect are provided by the acute and chronic toxicity data. These toxicity endpoints (expressed as 

genus mean values) are used in the sensitivity distribution of the aquatic community at the genus 

level to derive the aquatic life criteria. Endpoints used in this assessment are listed in Table 1. 

Studies that had unacceptable control survival were not used (i.e., studies where acute and 

chronic control mortality was >10% and >20%, respectively), regardless of test conditions. 

Measure of Aluminum Exposure Concentration 

Only data from toxicity tests conducted using chloride, nitrate and sulfate salts (either 

anhydrous or hydrated) are used in this effects assessment. This is consistent with the EPAôs 
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previous 1988 aluminum aquatic life AWQC document. This document addresses the toxicity of 

total aluminum to freshwater organisms in the pH range of 5.0 to 10.5. The 1988 AWQC 

addressed waters with a pH between 6.5 and 9.0 (U.S. EPA 1988) to be consistent with the 

recommended aquatic life pH criteria (U.S. EPA 1986). The pH range for freshwater was 

expanded, in part, because of the complex chemistry of aluminum in surface waters, the 

available toxicity data demonstrated an increased sensitivity of freshwater aquatic species in low 

pH (i.e., pH<6.5), and the expanded range represents a fuller range of pH conditions in natural 

waters. Tests conducted in pH water less than 5 were deemed too low to be used quantitatively 

due to a mixture effect from the combined stress of both low pH and aluminum on the test 

organisms, and the inability to discern a particular effect level to either low pH or elevated 

aluminum concentration.  

Aluminum chemistry in surface waters is extremely complex, and so measurement 

uncertainty can be high if only one form of aluminum is taken into account. A thorough 

understanding of aluminum toxicity is complicated by the need to distinguish between aqueous 

and particulate aluminum, and between inorganic and organic forms of aluminum (Driscoll and 

Postek 1996; Gensemer and Playle 1999). Laboratory dilution waters do not contain suspended 

solids, clays or particulate matter where aluminum may be bound (unless specifically 

investigated). Therefore, a distinction needs to be made in how the EPA interprets the 

measurements of aluminum in water, so that extrapolating laboratory data to natural waters is 

better understood. There is also a complication as the available measurement methods (i.e., total, 

total recoverable, acid soluble, pH 4 extractable and dissolved) present different challenges when 

applied to natural and laboratory waters. In application to natural waters, total, total recoverable, 

and acid soluble methods may be confounded by measuring aluminum in aluminum silicate (i.e., 

clay). 

Laboratory Exposures 

The 1988 AWQC considered using dissolved aluminum concentrations to set aquatic life 

criteria, however not enough data were available to allow derivation of a criterion based on 

dissolved aluminum. The EPA also noted at the time that organisms would be exposed to both 

dissolved and undissolved aluminum from laboratory exposures. The lack of data prevented any 

definitive analysis.  
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Data are now available to compare toxicity of aluminum using total aluminum (unfiltered 

test samples that were acidified) and dissolved aluminum (operationally defined as filtered with 

typically a 0.45 µm filter before acidification). The total aluminum concentrations in laboratory 

test solutions will  contain dissolved monomeric and precipitated forms (e.g., aluminum 

hydroxides) of aluminum. Dissolved concentrations will not contain these precipitated forms. 

In tests with brook trout at low pH and total hardness, toxic effects increased with 

increasing concentrations of total aluminum even though the corresponding concentration of 

dissolved aluminum was relatively constant (Cleveland et al. 1989). This phenomenon was also 

observed in several chronic studies with widely varying test concentrations and conditions 

(renewal and flow-through exposures) at pH 6 conducted by the Oregon State University (e.g., 

2012a,e), where toxic effects increased with increasing total aluminum concentrations, while 

measured concentrations of dissolved and monomeric aluminum changed very little with 

increasing total aluminum concentrations. 

In filtration studies at pH 8 with the fathead minnow, both acute and chronic toxicity tests 

indicated no toxicity when the test water was 0.2 µm filtered prior to exposure (Gensemer et al. 

2018). Toxicity was only observed when the test solutions were unfiltered. Furthermore, dose-

response relationships were only observed using total aluminum; relationships were not observed 

using measurements of dissolved or monomeric forms (Gensemer et al. 2018). This same effect 

was observed in 7-day exposures at pH 7 and 8 with the daphnid (Ceriodaphnia dubia) where 

filtered test solutions were less toxic than unfiltered solutions (Gensemer et al. 2018). 

Therefore, because measurements of dissolved aluminum do not reflect the full spectrum 

of forms of aluminum that results in toxicity, all laboratory exposure data used for criteria 

derivation will be based on measurements of total aluminum. Measurements with methods using 

lesser degrees of acidification (that is, acid soluble and pH 4 extractable) are generally not 

available. If aluminum criteria are based on dissolved concentrations, toxicity will  be 

underestimated, because aluminum hydroxide precipitates that contribute to toxicity would not 

be measured (GEI Consultants, Inc. 2010; U.S. EPA 1988). All concentrations from toxicity tests 

are expressed as total aluminum in this document (unless otherwise specified). 

Natural Waters 

Researchers rely on operationally defined procedures to evaluate the concentration and 

forms of aluminum in natural waters, and the accuracy of these methods is difficult to evaluate, 
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resulting in uncertainty regarding the actual amount of aluminum present in various forms 

(Driscoll and Postek 1996). Total aluminum concentrations in natural waters are determined 

using a wide variety of digestion procedures at varied extraction times, resulting in a range of 

operational methods and uncertainty in measured values (Driscoll and Postek 1996). 

Furthermore, particulate material comprises a continual size distribution making measurement of 

dissolved concentrations dependent on the filter-pore size used (Driscoll and Postek 1996). 

A major complication for extrapolating total aluminum concentrations measured in 

laboratory waters to natural waters is the test method used. The 1988 AWQC for aluminum were 

based on acid-soluble concentrations (operationally defined as the aluminum that passes through 

a 0.45 µm filter after the sample has been acidified with nitric acid to a pH between 1.5 and 2.0). 

In the early 1990s, the EPA converted most metals criteria (excluding aluminum) to the 

dissolved measurement. With the acid-soluble method seldom used and insufficiently different 

from total, (U.S. EPA 1999c) the EPA expressed the aluminum criterion as total recoverable 

aluminum, with a caution that a Water-Effect Ratio would often be needed. The EPA uses the 

terms ñtotalò and ñtotal recoverableò synonymously for effluent guidelines and permitting under 

NPDES programs (U.S. EPA 1988b). The current EPA Test Method for measuring total 

recoverable aluminum in ambient water and wastewater uses inductively coupled plasma-atomic 

emission spectrometry and inductively-coupled plasma-mass spectrometry (U.S. EPA 1994a,b). 

The methods recommend that the sample first be solubilized by gentle refluxing with nitric and 

hydrochloric acids (i.e., digestion to pH<2) when an aqueous sample contains undissolved 

material. After cooling, the sample is made up to volume, then mixed and either centrifuged or 

allowed to settle overnight prior to analysis. This process dissolves the monomeric and 

polymeric forms of aluminum, in addition to colloidal, particulate and clay-bound aluminum. 

Applying the aluminum criteria to total recoverable aluminum is considered conservative 

because it includes monomeric (both organic and inorganic) forms, polymeric and colloidal 

forms, as well as particulate forms and aluminum sorbed to clays (Wilson 2012). However, 

under natural conditions not all of these forms would be biologically available to aquatic species 

(e.g., clay-bound aluminum). 

EPA Methods 200.7 and 200.8 are the only currently approved methods for measuring 

aluminum in natural waters and wastewater for NPDES permits (U.S. EPA 1994a,b). Research 

on new analytical methods is ongoing to address concerns with including aluminum bound to 
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particulate matter (i.e., clay) in the total recoverable aluminum concentrations (OSU 2018c). One 

approach would not acidify the sample to pH less than 2 but rather to pH 4 (pH 4 extracted 

method) to better capture the bioavailable fraction of aluminum (CIMM 2016, OSU 2018c). In 

the pH 4 extraction method, sodium acetate buffer is added to the sample to reach the desired 

pH, followed by sample agitation for a specified period of time, and finally 0.45 µm sample 

fil tration. The sample is then acidified with nitric acid before inductively coupled plasma-optical 

emission spectrometry analysis.  

To further explore this issue, researchers conducted an aluminum analysis of 12 natural 

freshwater sources throughout the United States with various concentrations of total suspended 

solids using four different aluminum methods (i.e., total, acid-soluble, pH 4 extracted and 

dissolved) (OSU 2018c). The total method (consistent with EPA methods 200.7 and 200.8) 

acidified the sample to pH 2 before analysis; the acid soluble method acidified the sample to 

pH<2, held the sample for 16 hours and then filtered the sample with a 0.45 µm filter; the pH 

extraction method acidified the sample to pH 4.0-4.2, held the sample for three hours, and then 

filtered the sample with a 0.45 µm filter; and lastly, the dissolved method filtered the sample 

before acidification. As expected, the total method typically had elevated measured aluminum 

concentrations compared to the levels quantified by the three other test methodologies. This 

trend was most evident with natural waters that had high total suspended solids. The validation 

of the pH 4 extraction method is still on-going, with the expectation that this approach will better 

estimate the bioavailable fraction of aluminum in natural waters. 

Acute Measures of Effect 

The acute measures of effect on aquatic organisms are the LC50, EC50, and IC50. LC 

stands for ñLethal Concentration,ò and a LC50 is the concentration of a chemical that is estimated 

to kill 50 percent of the test organisms. EC stands for ñEffect Concentration,ò and the EC50 is the 

concentration of a chemical that is estimated to produce a specific effect in 50 percent of the test 

organisms. IC stands for ñInhibitory Concentration,ò and the IC50 is the concentration of a 

chemical that is estimated to inhibit some biological process (e.g., growth) in 50 percent of the 

test organisms. Acute data that were determined to have acceptable quality and to be useable in 

the derivation of water quality criteria as described in the 1985 Guidelines for the derivation of a 

freshwater and estuarine/marine criteria are presented in Appendix A (Acceptable Acute Toxicity 
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Data of Aluminum to Freshwater Aquatic Animals) and Appendix B (Acceptable Acute Toxicity 

Data of Aluminum to Estuarine/Marine Aquatic Animals), respectively. 

Chronic Measures of Effect 

The endpoint for chronic exposure for aluminum is the EC20, which represents a 20 

percent effect/inhibition concentration. This is in contrast to a concentration that causes a low 

level of reduction in response, such as an EC5, which is rarely statistically significantly different 

from the control treatment. A major reduction, such as 50 percent, is not consistent with the 

intent of establishing chronic criteria to protect  populations from long-term effects. The EPA 

selected an EC20 to estimate a low level of effect for aluminum that would typically be 

statistically different from control effects, but not severe enough to cause chronic effects at the 

population level (see U.S. EPA 1999b). Reported NOECs (No Observed Effect Concentrations) 

and LOECs (Lowest Observed Effect Concentrations) were only used for the derivation of a 

chronic criterion when an EC20 could not be calculated for the genus. A NOEC is the highest test 

concentration at which none of the observed effects are statistically different from the control. A 

LOEC is the lowest test concentration at which the observed effects are statistically different 

from the control. When LOECs and NOECs are used, a Maximum Acceptable Toxicant 

Concentration (MATC) is calculated, which is the geometric mean of the NOEC and LOEC.  

Regression analysis was used to characterize a concentration-effect relationship and to 

estimate concentrations at which chronic effects are expected to occur. For the calculation of the 

chronic criterion, point estimates (e.g., EC20s) were selected for use as the measure of effect 

rather than MATCs, as MATCs are highly dependent on the concentrations tested (as are the 

NOECs and LOECs from which they are derived). Point estimates also provide additional 

information that is difficult to determine with an MATC, such as a measure of magnitude of 

effect across a range of tested concentrations. Author reported EC20s were used when provided, 

otherwise point estimates were calculated from raw toxicity data using the EPAôs Toxicity 

Relationship Analysis Program (TRAP). Chronic toxicity data that met the test acceptability and 

quality assurance and quality control (QA/QC) criteria in the 1985 Guidelines for the derivation 

of freshwater and estuarine/marine criteria are presented in Appendix C (Acceptable Chronic 

Toxicity Data of Aluminum to Freshwater Aquatic Animals) and Appendix D (Acceptable 

Chronic Toxicity Data of Aluminum to Estuarine/Marine Aquatic Animals), respectively. 
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2.7 Analysis Plan 

During CWA section 304(a) criteria development, the EPA reviews and considers all 

relevant toxicity test data. Information available for all relevant species and genera are reviewed 

to identify whether: 1) data from acceptable tests meet data quality standards; and 2) the 

acceptable data meet the minimum data requirements (MDRs) as outlined in the 1985 Guidelines 

(Stephan et al. 1985; U.S. EPA 1986). The taxa represented by the different MDR groups 

represent taxa with different ecological, trophic, taxonomic and functional characteristics in 

aquatic ecosystems, and are intended to be a representative subset of the diversity within a 

typical aquatic community. In most cases, data on freshwater and estuarine/marine species are 

grouped separately to develop separate freshwater and estuarine/marine criteria. Thus, where 

data allow, four criteria are developed (acute freshwater, acute estuarine/marine, chronic 

freshwater, and chronic estuarine/marine). If plants are more sensitive than vertebrates and 

invertebrates, plant criteria are developed. 

Table 2 provides a summary of the toxicity data used to fulfill the MDRs for calculation 

of acute and chronic criteria for both freshwater and estuarine/marine organisms. For aluminum, 

there are acceptable toxicity data for derivation of a freshwater acute criterion with all of the 

freshwater MDRs being met. The acceptable acute toxicity data encompass four phyla, 14 

families, 20 genera and 22 species (Table 2). Acceptable estuarine/marine acute toxicity data are 

only available for three phyla, five families, five genera and five species. Consequently, only five 

of the eight MDRs are met for the estuarine/marine acute criterion; and no acceptable acute test 

data on fish species were available. Therefore, the EPA cannot develop an acute estuarine/marine 

criterion at this time. The chronic toxicity data for direct calculation of the FCV for the 

freshwater criterion consisted of seven of the eight freshwater MDRs (the missing MDR was the 

ñother chordateò). However, the 1985 Guidelines still allow derivation of a chronic criterion (see 

Section 2.6.1). Because derivation of a chronic freshwater criterion is important for 

environmental protection, the EPA examined qualitative data for the Chordate MDR from 

Appendix H (Other Data on Effects of Aluminum to Freshwater Aquatic Organisms) and 

selected an amphibian test to fulfill that MDR. The species did not rank in the lowest four 

normalized Genus Mean Chronic Values (GMCVs) (the numeric-criteria-driving portion of the 

sensitivity distribution), and thus its use to fulfill the missing MDR is considered justified (U.S. 

EPA 2008). There are not enough chronic toxicity data for direct calculation of the FCV for the 
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estuarine/marine criteria (no acceptable estuarine/marine chronic studies), thus the EPA did not 

derive chronic estuarine/marine criterion. Aluminum toxicity data on estuarine/marine species 

remain a data gap; additional acute and chronic toxicity testing on estuarine/marine taxa would 

be needed in order to derive estuarine/marine criteria for aluminum. 
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Table 2. Summary of Acceptable Toxicity Data Used to Fulfill the Minimum Data Requirements in the 1985 Guidelines for 

Aluminum.  

Family Minimum  Data Requirement (Freshwater) 
Acute 

(Phylum / Family / Genus) 

Chronic 

(Phylum / Family / Genus) 

Family Salmonidae in the class Osteichthyes Chordata / Salmonidae / Oncorhynchus Chordata / Salmonidae / Salvelinus 

Second family in the class Osteichthyes Chordata / Centrarchidae / Lepomis Chordata / Cyprinidae / Pimephales 

Third family in the phylum Chordata Chordata / Cyprinidae / Pimephales Chordata / Ranidae / Rana* 

Planktonic Crustacean Arthropoda / Daphniidae / Ceriodaphnia Arthropoda / Daphniidae / Ceriodaphnia 

Benthic Crustacean Arthropoda / Crangonyctidae / Crangonyx Arthropoda / Hyalellidae / Hyalella 

Insect Arthropoda/ Chironomidae/ Chironomus Arthropoda / Chironomidae / Chironomus 

Family in a phylum other than Arthropoda or Chordata Mollusca / Physidae / Physa Mollusca / Lymnaeidae / Lymnaea 

Family in any order of insect or any phylum not already represented Annelida / Naididae / Nais Annelida / Aeolosomatidae / Aeolosoma 

 

Family Minimum Data Requirement (Estuarine/Marine) 
Acute 

(Phylum / Family / Genus) 

Chronic 

(Phylum / Family / Genus) 

Family in the phylum Chordata No acceptable data No acceptable data 

Family in the phylum Chordata No acceptable data No acceptable data 

Either the Mysidae or Penaeidae family No acceptable data No acceptable data 

Family in a phylum other than Arthropoda or Chordata Mollusca / Ostreidae / Crassostrea No acceptable data 

Family in a phylum other than Chordata Annelida / Nereididae / Neanthes No acceptable data 

Family in a phylum other than Chordata Annelida / Capitellidae / Capitella No acceptable data 

Family in a phylum other than Chordata Annelida / Ctenodrilidae / Ctenodrilus No acceptable data 

Any other family Arthropoda / Ameiridae / Nitokra No acceptable data 

* Data used qualitatively, see Section 3.2.1. 
 

 
Freshwater Acute Freshwater Chronic Estuarine/Marine Acute Estuarine/Marine Chronic 

Phylum Families GMAVs SMAVs Families GMCVs SMCVs Families GMAVs SMAVs Families GMCVs SMCVs 

Annelida 1 1 1 1 1 1 3 3 3 - - - 

Arthropoda 5 7 9 3 4 4 1 1 1 - - - 

Chordata 5 9 9 2 4 4 - - - - - - 

Mollusca 3 3 3 2 2 2 1 1 1 - - - 

Rotifera - - - 1 1 1 - - - - - - 

Total 14 20 22 9 12 12 5 5 5 0 0 0 
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2.7.1 pH, Total Hardness and DOC Normalization 

Although many factors might affect the results of toxicity tests of aluminum to aquatic 

organisms (Sprague 1985), water quality criteria can quantitatively take into account only factors 

for which enough data are available to show that the factor similarly affects the results of tests 

with a variety of species. A variety of approaches were evaluated for the development of the 

freshwater aluminum criteria due to aluminumôs unique chemistry and geochemical effects on its 

bioavailability. These included empirical models that directly relate water chemistry conditions 

to metal bioavailability and include single parameter regression models (e.g., hardness 

adjustment equations) and a variety of MLRs. The mechanistic models evaluated included an 

aluminum BLM model and a simplified aluminum BLM model. For further discussion, see 

Section 5.3.5. 

A recent publication by Gensemer et al. (2018) summarized short-term aluminum chronic 

toxicity data across a range of pH, total hardness, and DOC values. Three-day toxicity tests 

measuring growth with the green alga (Pseudokirchneriella subcapitata), 7-day reproduction 

tests with the cladoceran (Ceriodaphnia dubia), and 7-day mean biomass tests with the fathead 

minnow (Pimephales promelas) were compiled to evaluate how the effect of pH, total hardness, 

and DOC alters aluminum bioavailability. The P. subcapitata data consisted of 27 tests with 

dilution water parameters that ranged from 6.14-8.0 for pH, 22-121 mg/L total hardness and 0.3-

4.0 mg/L DOC (DeForest et al. 2018a). The C. dubia data consisted of 23 tests with test 

parameters that ranged from 6.3-8.1 for pH, 9.8-123 mg/L total hardness and 0.1-4 mg/L DOC 

(DeForest et al. 2018a). The fathead minnow data consisted of 22 tests with test parameters that 

ranged from 6.0-8.0 for pH, 10.2-127 mg/L total hardness and 0.08-5.0 mg/L DOC (DeForest et 

al. 2018a). DeForest et al. (2018a) used these data to evaluate the ability of MLR models to 

predict chronic toxicity of aluminum as a function of multiple combinations of pH, total 

hardness, and DOC conditions. These three parameters are thought to be the most influential for 

aluminum bioavailability and can be used to explain the scale of differences in the observed 

toxicity values (Cardwell et al. 2018; Gensemer et al. 2018). As a result of the public comments 

on the draft of this document released into the Federal Register, data on an additional nine C. 

dubia and nine P. promelas toxicity tests were obtained in order to expand the ranges of water 

chemistry conditions for model development. The new toxicity data expanded the DOC range up 

to 12.3 mg/L for C. dubia and 11.6 mg/L for P. promelas and the hardness range up to 428 mg/L 
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and 422 mg/L, respectively. These new data were subjected to an independent, external expert 

peer review, and an EPA quality review, prior to their use in the aluminum criteria. The external 

expert peer review comments on these new data obtained by the EPA in 2018 and the EPAôs 

response to the external expert peer reviews can be found on the EPA website for the aluminum 

criteria (https://www.epa.gov/wqc/aquatic-life-criteria-aluminum). 

The approach described by DeForest et al. (2018a,b) incorporated pH, total hardness, and 

DOC into MLR models to determine if the estimation of aluminum bioavailability to animals in 

freshwater aquatic systems could be applicable in the development of aluminum water quality 

criteria. The approach resulted in the creation of multiple MLR models that could be used for the 

development of aluminum water quality criteria following European Union (EU) (ECB 2003) 

and the EPA methodologies (Stephan et al. 1985). Only the MLR model development for the 

fathead minnow and C. dubia using EC20 effects concentrations is described below. Note that 

while a 7-day survival and growth test for P. promelas is not defined as an early-life stage (ELS) 

test per the 1985 Guidelines, testing demonstrated that it produced sensitivity values for total 

aluminum comparable to those generated via an acceptable ELS test (DeForest et al. 2018a, 

Table S1), and therefore, is considered appropriate to use for MLR model development. 

MLR models for each species were developed using a multi-step process and the general 

approach is briefly described below. For more detailed information, figures, tables, and statistical 

results, please see DeForest et al. (2018a,b) and Brix et al. (2017). The authors first examined if 

any of the relationships between the dependent variable (total aluminum effect concentrations) 

and the three main effect terms (pH, total hardness and DOC; all independent variables) were 

non-linear. Effect concentrations (EC20s) for each species were plotted against each independent 

variable using data where the other two parameters were held constant. Overall, EC20s increased 

with each independent variable. However, there was some evidence of a unimodal relationship 

with pH, with increased EC20s around pH 7 and decreasing EC20s at low and high pH, as well as 

potential differences regarding the effects of total hardness at low and high pH (DeForest et al. 

2018a). To account for these potential nonlinearities, the three potential two-way interactions 

(i.e., pH:hardness, DOC:hardness and pH:hardness) for each of the three main effect terms were 

added. Finally, a squared pH term was included in the initial models to account for the potential 

unimodal relationship between pH and aluminum bioavailability (DeForest et al. 2018a). 

https://www.epa.gov/wqc/aquatic-life-criteria-aluminum
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Beginning with a seven-parameter model consisting of the three main effect terms (pH, 

total hardness and DOC), the three two-way interactions for the main effects, and a squared pH 

term, a final model was developed for each species using a step-wise procedure. In this 

procedure, the original model was compared to a series of simpler models by removing one or 

more of the four ñhigher-levelò terms (i.e., the three interaction terms and the squared pH term), 

until the most parsimonious model was developed. Each potential model was evaluated using 

Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC). The overall 

goodness of fit of a model increases with each additional model term. AIC and BIC penalize a 

modelôs goodness-of-fit by a factor related to the number of parameters in the model (DeForest 

et al. 2018a). AIC and BIC are minimized for the model that best balances overall goodness-of-

fit and model complexity, as too many terms in the model may over extrapolate from the dataset 

making it less useful, whereas too few terms reduces its precision. 

DeForest et al. (2018b) re-evaluated the original published models supplemented with the 

new data and developed a pooled MLR model based on the combined C. dubia and P. promelas 

datasets. A pooled model approach is described in Brix et al. (2017) for copper. In a pooled MLR 

model approach, species-specific intercepts are used to account for the differences in species 

sensitivity. The same procedures were used to develop a pooled model as was done for the 

individual species MLR models. 

For C. dubia, the final individual MLR model, based on AIC and BIC, included both the 

pH:hardness interaction and the squared pH term (DeForest et al. 2018b). The negative pH
2
 term 

accounts for the fact that aluminum bioavailability decreases from pH 6 to pH 7 and then 

increases from pH 7 to pH 8, which is expected given the unique solubility chemistry of 

aluminum (DeForest et al. 2018a). The negative pH:hardness term is reflective of the decreasing 

effects of total hardness mitigating toxicity as pH increases (DeForest et al. 2018a). The adjusted 

R
2
 for the final model was 0.880, compared to an R

2
 of 0.67 for the model consisting of the three 

main independent variables [pH, ln(total hardness), and ln(DOC)]. In the final MLR model, 

predicted EC20s were within a factor of two of observed values used to create the model for 97% 

of the tests (DeForest et al. 2018b). The comparison of MLR predicted versus observed C. dubia 

values where one water chemistry parameter was varied is seen in Figure 4 and Figure 5. No 

clear pattern was observed in the residuals over a wide range of water chemistry conditions or 
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relative to single independent variables (Figure S3-Figure S6, DeForest et al. 2018a). The final 

individual MLR model for C. dubia is: 

ὅȢὨόὦὭὥ Ὁὅ

Ὡ Ȣ Ȣ Ȣ Ȣ Ȣ Ȣ ȡ
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A 

 

B 

Figure 4. Observed and Individual MLR -Predicted Aluminum EC20s (±95% CLs) for C. 

dubia where DOC or pH was Varied. 
(Panel A: DOC is varied; Panel B: pH is varied; Adapted from Figure 2, from DeForest et al. 2018a, used 

with permission). 
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A 
 

B 

Figure 5. Observed and Individual MLR -Predicted Aluminum EC20s (±95% CLs) for C. 

dubia where Total Hardness was Varied. 
(Panel A: pH 6.3-6.4, Panel B: pH 7 and 8; Adapted from Figure 2, from DeForest et al. 2018a, used with 

permission). 
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For P. promelas, the final individual model, based on AIC and BIC, included the 

pH:hardness and pH:DOC interaction terms (DeForest et al. 2018b). The pH:hardness interaction 

term was retained because of the unique chemistry of aluminum where total hardness has less of 

a mitigating effect on bioavailability at higher pH levels (DeForest et al. 2018a; Gensemer et al. 

2018). The adjusted R
2
 for the final model was 0.923, compared to an R

2
 of 0.85 for the model 

consisting of the three main independent variables [ln(DOC), pH, and ln(hardness)]. In the final 

MLR model, predicted EC20s were within a factor of two of observed values used to create the 

model for 97% of the tests (DeForest et al. 2018b). The comparison of MLR predicted versus 

observed P. promelas values where one water chemistry parameter was varied is provided in 

Figure 6 and Figure 7. Again, no clear pattern was observed in the residuals over a wide range 

of water chemistry conditions or relative to single independent variables (Figure S3-Figure S6, 

DeForest et al. 2018a). The final individual MLR model for P. promelas is: 

ὖȢὴὶέάὩὰὥί Ὁὅ

Ὡ Ȣ Ȣ Ȣ Ȣ Ȣ ȡ Ȣ ȡ  
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A 

 

B 

Figure 6. Observed and Individual MLR -Predicted Aluminum EC20s (±95% CLs) for P. 

promelas where DOC or pH was Varied. 
(Panel A: DOC, Panel B: pH; Adapted from Figure 3, from DeForest et al. 2018a, used with permission). 
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Figure 7. Observed and Individual MLR -Predicted Aluminum EC20s (±95% CLs) for P. 

promelas where Total Hardness was Varied. 
(Adapted from Figure 3, from DeForest et al. 2018a, used with permission). 

 

The pooled MLR model performed similarly as the individual (fish and invertebrate) 

MLR models (DeForest et al. 2018b). The adjusted R
2
 value, based on the BIC, was 0.882 and 

includes the pH:hardness interaction term. The pooled MLR model had a similar to identical 

level of accuracy as the individual MLR models with 97% of C. dubia and 94% of P. promelas 

predicted EC20s within a factor of two of observed values (DeForest et al. 2018b). However, a 

comparison of the residuals between the observed and predicted values for the two models 

(individual vs. pooled MLR) showed that the individual modelsô residuals had smaller standard 

deviations. Additionally, the pooled model had some patterns in the residuals of the predictions 

relative to the independent variables (e.g., pH). There were no patterns in the residuals for either 

the C. dubia or P. promelas individual MLR models. The EPA elected to use the individual fish 

and invertebrate models in the final recommended aluminum aquatic life AWQC, instead of a 

pooled model for the above reasons. This modeling approach is also consistent with the approach 

in the draft 2017 aluminum criteria document. Additional analysis comparing the performance to 

the two model approaches (individual vs. pooled MLR) is presented in Appendix L  (EPAôs MLR 

Model Comparison of DeForest et al. (2018b) Pooled and Individual-Species Model Options).  
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The models developed followed the trends seen in the empirical data, 1) at pH 6 predicted 

effects concentrations increased with both total hardness and DOC concentrations, 2) at pH 7 

predicted effect concentrations increased with DOC concentrations, but not total hardness, and 3) 

at pH 8 predicted effect concentrations increased with DOC concentrations, but predicted effect 

concentrations decreased with increased total hardness concentrations (DeForest et al. 2018a). 

The individual species models developed by DeForest et al. (2018b) were used to normalize the 

freshwater acute and chronic data in Appendix A and Appendix C, respectively. Invertebrate 

data were normalized using the individual MLR model for C. dubia, and vertebrate data were 

normalized using the individual MLR model for P. promelas. Invertebrate and vertebrate 

freshwater aluminum toxicity data were normalized with the following equations: 

 

ὍὲὺὩὶὸὩὦὶὥὸὩ ὔέὶάὥὰὭᾀὩὨ ὉὅȾὒὅ

Ὡ
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Ȣ Ȣ
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where: 

EC20,test = reported chronic total aluminum effect concentration in µg/L 

LC50,test = reported acute total aluminum effect concentration in µg/L 

DOCtest = reported test DOC concentration in mg/L 

pHtest  = reported test pH 

hardtest   = reported test total hardness concentration in mg/L as CaCO3 

DOCtarget = DOC value to normalize to in mg/L 

pHtarget  = pH value to normalize to 

hardtarget = total hardness value to normalize to in mg/L as CaCO3 

 

Throughout this document, unless otherwise stated, effect concentrations were normalized to pH 

7, total hardness of 100 mg/L and DOC of 1 mg/L. This example scenario is illustrative only and 
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is not meant to represent water quality characteristics typical of U.S. natural waters. Normalized 

values will be different under differing water chemistry conditions as identified in this document.  

2.7.2 Acute Criterion 

Acute criteria are derived from the sensitivity distribution of compiled genus mean acute 

values (GMAVs), calculated from species mean acute values (SMAVs) of acceptable data. 

SMAVs are calculated using the geometric mean for all acceptable toxicity tests within a given 

species (e.g., all tests for Daphnia magna). If only one test is available, the SMAV is that test 

value by default. As stated in the 1985 Guidelines, flow-through measured test data are normally 

given preference over other test exposure types (i.e., renewal, static, unmeasured) for a species, 

when available. When relationships are apparent between life-stage and sensitivity, only values 

for the most sensitive life-stage are considered. GMAVs are then calculated using the geometric 

means of all SMAVs within a given genus (e.g., all SMAVs for genus Daphnia - Daphnia pulex, 

Daphnia magna). If  only one SMAV is available for a genus, then the GMAV is represented by 

that value. GMAVs are then rank-ordered by sensitivity from most sensitive to least sensitive.  

Acute criteria are based on the Final Acute Value (FAV). The FAV is determined by 

regression analysis based on the four most sensitive genera (reflected as GMAVs) in the data set 

to interpolate or extrapolate (as appropriate) to the 5
th
 percentile of the sensitivity distribution 

represented by the tested genera. The intent of the eight MDRs is to serve as a representative 

sample of the aquatic community. These MDRs represent different ecological, trophic, 

taxonomic and functional differences observed in the natural aquatic ecosystem. Use of a 

sensitivity distribution where the criteria values are based on the four most sensitive taxa in a 

triangular distribution represents a censored statistical approach that improves estimation of the 

lower tail (where most sensitive taxa are) when the shape of the whole distribution is uncertain, 

while accounting for the total number of genera within the whole distribution. 

The acute criterion, defined as the Criterion Maximum Concentration (CMC), is the FAV 

divided by two, which is intended to provide an acute criterion protective of nearly all 

individuals in such a genus. The use of the factor of two to reduce the FAV to the criterion 

magnitude is based on analysis of 219 acute toxicity tests on a range of chemicals, as described 

in the Federal Register on May 18, 1978 (43 FR 21506-18). For each of these tests, mortality 

data were used to determine the highest test concentration that did not cause mortality greater 

than that observed in the control for that particular test (which would be between 0 and 10% for 
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an acceptable acute test). Thus, dividing the LC50-based FAV by two decreases potential acute 

effects to a level comparable to control mortality levels. Therefore, the acute criterion is expected 

to protect 95% of species in a representative aquatic community from acute effects. 

2.7.3 Chronic Criterion 

The chronic criterion, defined as the Criterion Continuous Concentration (CCC), may be 

determined by one of two methods. If all eight MDRs are met with acceptable chronic test data, 

then the chronic criterion is derived using the same method used for the acute criterion, 

employing chronic values (e.g., EC20) estimated from acceptable toxicity tests. In cases where 

fewer chronic data are available (i.e., must have at least three chronic tests from taxa that also 

have appropriate acute toxicity data), the chronic criterion can be derived by determining an 

appropriate acute-chronic ratio (ACR). 

The criteria presented are the EPAôs estimate of maximum concentrations of aluminum to 

protect most aquatic organisms from any unacceptable short- or long-term effects. Results of 

such intermediate calculations such as Species Mean Acute Values (Appendix A and Appendix 

B) and chronic values (Appendix C and Appendix D) are specified to four significant figures to 

prevent round-off error in subsequent calculations; the number of places beyond the decimal 

point does not reflect the precision of the value. The acute and chronic criteria are rounded to 

two significant figures. 

 

3 EFFECTS ANALYSES 

Data for aluminum were obtained from studies published in the open literature and 

identified in a literature search using the ECOTOXicology database (ECOTOX) as meeting data 

quality standards. ECOTOX is a source of high quality toxicity data for aquatic life, terrestrial 

plants, and wildlife. The database was created and is maintained by the EPA, Office of Research 

and Development, and the National Health and Environmental Effects Research Laboratory's 

Mid-Continent Ecology Division. The latest comprehensive literature search for this document 

via ECOTOX was conducted in 2017 and supplemented by additional data researchers made 

available to the EPA in 2018. 

A further evaluation of the quality of the available data was performed by the EPA to 

determine test acceptability for criteria development. Appendix A of Quality Criteria for Water 
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1986 (U.S. EPA 1986) provides an in-depth discussion of the minimum data requirements and 

data quality requirements for aquatic life criteria development. 

3.1 Acute Toxicity to Aquatic Animals 

All available reliable data relating to the acute effects of total aluminum on aquatic 

animals were considered in deriving the aluminum criteria. Data suitable (in terms of test 

acceptability and quality in a manner consistent with the 1985 Guidelines) for the derivation of a 

freshwater and an estuarine/marine FAV are presented in Appendix A (Acceptable Acute 

Toxicity Data of Aluminum to Freshwater Aquatic Animals) and Appendix B (Acceptable Acute 

Toxicity Data of Aluminum to Estuarine/Marine Aquatic Animals), respectively. Most fish and 

invertebrate data are LC50 measures from acute toxicity tests that were 96 hours in duration, 

except the tests for cladocerans, midges, mysids and certain embryos and larvae of specific 

estuarine/marine groups, which were 48 hours in duration and typically EC50 endpoints (per the 

1985 Guidelines).  

3.1.1 Freshwater 

Twenty-two freshwater species encompassing 20 genera are represented in the dataset of 

acceptable data for acute toxicity to aluminum. The water quality conditions for these 118 

toxicity tests ranged from 5.0-8.3 for pH, 2-220 mg/L as CaCO3 for total hardness, and 0.48-4.0 

mg/L for DOC. Since these three parameters affect the bioavailability, and hence toxicity of 

aluminum, all of the acceptable acute toxicity data presented in Appendix A were normalized to 

standardized water quality conditions using the MLR equations described in the Analysis Plan 

(Section 2.7.1). However, the dilution water DOC concentration was not reported for a number 

of acute studies presented in Appendix A. In this situation, where only the DOC was lacking, 

default values were used for several different dilution waters using a methodology documented 

in the 2007 freshwater copper AWQC document (see Appendix C, U.S. EPA 2007b). 

Specifically, the default DOC value for: 1) laboratory prepared reconstituted water is 0.5 mg/L, 

2) Lake Superior water is 1.1 mg/L, 3) city tap and well water is 1.6 mg/L, and 4) Liberty Lake, 

Washington water is 2.8 mg/L. These values were determined from empirical data obtained for 

each source water.  

Once normalized, the toxicity data were compiled (i.e., based on the geometric mean for 

each species and genus) and ranked by GMAV into a sensitivity distribution. Normalizing the 

toxicity data to the same pH, total hardness and DOC levels allows comparisons to be made 
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because the MLR derived equations address the differences seen in the magnitude of effects 

when comparing across conditions. However, because the 118 toxicity tests were each conducted 

at different water quality conditions, the MLR derived equations may have either a minor or 

major effect on the magnitude of the observed reported effects depending on the set of conditions 

to which the tests are normalized. Thus, the relative sensitivity rankings can change depending 

on what pH, hardness and DOC concentrations are selected for normalization (see Appendix K 

for examples). 

All values reported in this section are normalized to pH 7, total hardness of 100 mg/L as 

CaCO3, and DOC of 1.0 mg/L (see Section 2.7.1 for more information). Several species tested 

were not exposed to aluminum concentrations high enough or low enough to allow calculation of 

an LC50 (i.e., the LC50 is a ñgreater thanò or ñless thanò value). The decision rule for using these 

non-definitive LC50s to calculate SMAVs is consistent with methods used previously in criteria 

development. The freshwater ammonia AWQC document explains how chronic values (e.g., 

EC20s) can be evaluated for potential use in deriving SMCVs (U.S. EPA 2013). The 

methodology is based on the finding that ñgreater thanò values for concentrations of low 

magnitude, and ñless thanò values for concentrations of high magnitude do not generally add 

significant information to the toxicity analysis. The decision rule was applied as follows: ñgreater 

thanò (>) low chronic values and ñless thanò (<) high chronic values were not used in the 

calculation of the SMCV; but ñless thanò (<) low chronic values and a ñgreater thanò (>) high 

chronic values were included in the SMCV (U.S. EPA 2013). This approach was also followed 

for acute SMAV calculations. 

While non-definitive SMAVs were ranked in Table 3 according to the highest 

concentration used in the test, the value does not necessarily imply a accurate ranking of 

sensitivities. Again, in this section and below, the relative rankings are presented for comparative 

purposes and only apply when the set of chemistry conditions are pH 7, total hardness of 100 

mg/L and DOC of 1.0 mg/L. SMAVs ranged from 1,836 µg/L for the cladoceran, Daphnia 

pulex, to 119,427 µg/L for the snail, Melanoides tuberculata. There is no apparent trend between 

freshwater taxon and acute sensitivity to aluminum (Table 3). The smallmouth bass, Micropterus 

dolomieu, represents the second most sensitive genus; cladocerans represent the first and fourth 

most sensitive genera; fish genera rank second, third, sixth and seventh in the sensitivity 

distribution; and an ostracod (Stenocypris) ranks fi fth.  
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Other fish species were less sensitive with SMAVs of 18,913 µg/L for the brook trout, 

Salvelinus fontinalis, greater than 22,095 µg/L for the fathead minnow, Pimephales promelas, 

greater than 31,087 µg/L for the green sunfish, Lepomis cyanellus, and greater than 21,779 µg/L 

for the Rio Grande silvery minnow, Hybognathus amarus. The midge (Chironomus plumosus, 

SMAV = 25,216 µg/L), the aquatic air-breathing snail (Physa sp., SMAV = 41,858 µg/L), and 

the freshwater juvenile mussel (Lampsilis siliquoidea, SMAV = >29,492 µg/L) were 

comparatively insensitive to aluminum.  

Summary of Studies Used in Acute Freshwater Determination 

 The taxa used in calculating the acute criterion (the lowest four ranked GMAVs) depends 

on the set of water quality conditions for which the criterion is being derived. Based on the 

analysis in Appendix K (Recommended Criteria for Various Water Chemistry Conditions), a 

combination of several genera will rank in the lowest four. Those acute studies used to calculate 

the GMAVs are summarized below. The normalized values mentioned below are for pH of 7, 

total hardness of 100 mg/L as CaCO3 and DOC of 1.0 mg/L.  

Invertebrates 

Cladoceran, Daphnia 

 The pH/total hardness/DOC-normalized GMAV of 2,325 µg/L aluminum for Daphnia is 

based on the SMAVs for two cladoceran species, Daphnia magna and D. pulex. The D. magna 

normalized SMAV (2,944 µg/L) is based on the geometric mean of five 48-hr EC50s (ranged 

from 713.2 to 15,625 µg/L aluminum) as reported by Biesinger and Christensen (1972), 

European Aluminum Association (2009), Kimball (1978) and Shephard (1983). All tests were 

static that exposed <24-hr old neonates, and only the Kimball (1978) test measured aluminum 

concentrations and did not use nominal concentrations. The D. pulex normalized SMAV (1,836 

µg/L) is based on only one static-renewal unmeasured toxicity test conducted by Griffitt et al. 

(2008). 

Cladoceran, Ceriodaphnia 

 Two species of Ceriodaphnia, C. dubia and C. reticulata, are used to derive the pH/total 

hardness/DOC-normalized GMAV of 7,771 µg/L aluminum. The C. dubia SMAV of 5,863 µg/L 

aluminum is calculated from 52 normalized EC50 values that ranged from 322.4 to greater than 

88,933 µg/L aluminum (ENSR 1992d; European Aluminum Association 2009, 2010; Fort and 

Stover 1995; Gensemer et al. 2018; Griffitt et al. 2008; McCauley et al. 1986; Soucek et al. 
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2001). The tests were a mix of static or renewal exposures with either measured or unmeasured 

aluminum concentrations. The C. reticulata normalized SMAV of 10,299 µg/L aluminum is 

based on the two flow-through measured test results reported by Shephard (1983). 

Ostracod, Stenocypris major 

 Shuhaimi-Othman et al. (2011a, 2013) reported a 96-hr LC50 of 3,102 µg/L aluminum for 

the ostracod, S. major, which equates to a pH/total hardness/DOC-normalized 

LC50/SMAV/GMAV of 8,000 µg/L total aluminum. The adult organisms were exposed to static-

renewal conditions and the test solutions were measured. 

Worm, Nais elinguis 

 Shuhaimi-Othman et al. (2012a, 2013) reported a 96-hr LC50 of 3,874 µg/L aluminum for 

the worm, Nais elinguis which equates to a pH/total hardness/DOC-normalized 

LC50/SMAV/GMAV of 9,224 µg/L total aluminum. Adult worms were exposed to aluminum 

sulfate under static-renewal conditions and the test solutions were measured. 

Vertebrates 

Rainbow trout, Oncorhynchus mykiss 

 Eight acute toxicity tests for the rainbow trout (O. mykiss) were used to calculate the 

pH/total hardness/DOC-normalized SMAV of 3,312 µg/L aluminum reported by Gundersen et 

al. (1994). The eight flow-through measured normalized LC50s ranged from 1,680 to 7,216 µg/L 

aluminum.  

Atlantic salmon, Salmo salar 

 Two acceptable acute values reported by Hamilton and Haines (1995) were used to 

calculate the SMAV/GMAV for the Atlantic salmon, S. salar. The sac fry were exposed in static, 

unmeasured chambers at a total hardness of 6.8 mg/L (as CaCO3) and two different pH levels. 

The 96-hr LC50 values were 584 and 599 µg/L total aluminum conducted at pH levels of 5.5 and 

6.5, respectively. The corresponding pH/total hardness/DOC-normalized values are 20,749 and 

3,599 and the resulting normalized SMAV/GMAV for the species is 8,642 µg/L total aluminum. 

Smallmouth bass, Micropterus dolomieu 

 Three acceptable acute values from one study (reported in both Kane 1984; Kane and 

Rabeni 1987) are available for the smallmouth bass, M. dolomieu. The 48-hr post hatch larva 

were exposed in static, measured concentration chambers at a total hardness of ~12 mg/L (as 

CaCO3) and three different pH levels. The LC50 values were 130, greater than 978.4 and greater 
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than 216.8 µg/L total aluminum conducted at pH levels of 5.05, 6.25 and 7.5, respectively. The 

corresponding pH/total hardness/DOC-normalized values are 2,442, greater than 3,655 and 

greater than 153.4 µg/L. The SMAV/GMAV of 2,988 µg/L for the species/genus is based on the 

geometric mean of the normalized LC50 of 2,442 and greater than 3,655 µg/L total aluminum 

since the other value (greater than 153.4) is unbounded (i.e., greater than value), and is 

considered a ñgreater thanò (>) low acute value.  

GMAVs for 20 freshwater genera are provided in Table 3, and the four most sensitive 

genera were within a factor of 3.3 of each other. The freshwater FAV (the 5
th
 percentile of the 

genus sensitivity distribution, intended to protect 95 percent of the genera) for aluminum 

normalized to a pH 7, total hardness of 100 mg/L and DOC of 1.0 mg/L is 1,961 µg/L, calculated 

using the procedures described in the 1985 Guidelines. The FAV is an estimate of the 

concentration of aluminum corresponding to a cumulative probability of 0.05 in the acute 

toxicity values for the genera with which acceptable acute tests have been conducted (Table 4). 

The FAV is lower than all of the GMAVs for the tested species. The FAV is then divided by two 

for reasons described above (see Section 2.7.2). Based on the above, the FAV/2, which is the 

freshwater continuous maximum concentration (CMC), for aluminum normalized to a pH 7, total 

hardness of 100 mg/L and DOC of 1.0 mg/L is 980 µg/L total aluminum (rounded to two 

significant figures) and is expected to be protective of 95% of freshwater genera potentially 

exposed to aluminum under short-term conditions (Figure 8). However, the freshwater acute 

toxicity data are normalized using MLR equations that predict the bioavailability and hence 

toxicity of aluminum under different water chemistry conditions. Thus, the value of the criterion 

for a given site will depend on the specific pH, total hardness, and DOC concentrations at the site 

(see Appendix K Recommended Criteria for Various Water Chemistry Conditions for additional 

criteria values and four most sensitive genera for each set of conditions). 
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Table 3. Ranked Freshwater Genus Mean Acute Values at pH 7, Total Hardness of 100 

mg/L, and DOC of 1.0 mg/L.  
(Note: Values will be different under differing water chemistry conditions as identified in this document). 

Rank
a
 

GMAV  

(µg/L total Al)  Genus Species 

SMAV
b
 

(µg/L total Al)  

20 119,427 Melanoides 
Snail, 

Melanoides tuberculata 
119,427 

19 >70,647 Paratanytarsus 
Midge, 

Paratanytarsus dissimilis 
>70,647 

18 41,858 Physa 
Snail, 
Physa sp.  

41,858 

17 >31,087 Lepomis 
Green sunfish, 
Lepomis cyanellus 

>31,087 

16 >29,492 Lampsilis 
Fatmucket, 
Lampsilis siliquoidea 

>29,492 

15 >27,766 Hyalella 
Amphipod, 
Hyalella azteca 

>27,766 

14 25,216 Chironomus 
Midge, 
Chironomus plumosus 

25,216 

13 >22,095 Pimephales 
Fathead minnow, 
Pimephales promelas 

>22,095 

12 >21,779 Hybognathus 
Rio Grande silvery minnow, 
Hybognathus amarus 

>21,779 

11 18,913 Salvelinus 
Brook trout, 
Salvelinus fontinalis 

18,913 

10 >18,563 Hyla 
Green tree frog, 
Hyla cinerea 

>18,563 

9 12,901 Crangonyx 
Amphipod, 
Crangonyx pseudogracilis 

12,901 

8 9,224 Nais 
Worm, 
Nais elinguis 

9,224 

7 9,061 Poecilia 
Guppy, 
Poecilia reticulata 

9,061 

6 8,642 Salmo 
Atlantic salmon, 
Salmo salar 

8,642 

5 8,000 Stenocypris 
Ostracod, 
Stenocypris major 

8,000 

4 7,771 Ceriodaphnia 

Cladoceran, 
Ceriodaphnia dubia 

5,863 

Cladoceran, 
Ceriodaphnia reticulata 

10,299 

3 3,312 Oncorhynchus 
Rainbow trout, 
Oncorhynchus mykiss 

3,312 

2 2,988 Micropterus 
Smallmouth bass, 
Micropterus dolomieu 

2,988 

1 2,325 Daphnia 

Cladoceran, 
Daphnia magna 

2,944 

Cladoceran, 
Daphnia pulex 

1,836 

a
 Ranked from the most resistant to the most sensitive based on Genus Mean Acute Value. 

b
 From Appendix A: Acceptable Acute Toxicity Data of Aluminum to Freshwater Aquatic Animals (all values 

normalized to pH 7, total hardness of 100 mg/L as CaCO3, and DOC of 1.0 mg/L).  
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Table 4. Freshwater Final Acute Value and Criterion Maximum Concentration 

(normalized to pH 7, total hardness of 100 mg/L and DOC of 1.0 mg/L). 
(See Appendix K for acute criterion under different water chemistry conditions). 

Calculated Freshwater FAV based on 4 lowest values: Total Number of GMAVs in Data Set = 20 

Rank Genus 

GMAV 

(µg/L) lnGMAV  (lnGMAV)
2
 P=R/(n+1) SQRT(P) 

4 Ceriodaphnia 7,771 8.96 80.25 0.190 0.436 

3 Oncorhynchus 3,312 8.11 65.70 0.143 0.378 

2 Micropterus 2,988 8.00 64.04 0.095 0.309 

1 Daphnia 2,325 7.75 60.08 0.048 0.218 

 
 

Ɇ (Sum): 32.82 270.1 0.476 1.34 

S
2 
= 31.13 S = slope 

L = 6.334 L = X-axis intercept  

A = 7.581 A = lnFAV  

  P = cumulative probability 

FAV = 1,961 µg/L total aluminum 

CMC (acute criterion) = 980 µg/L total aluminum (rounded to two significant figures) 
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Figure 8. Ranked Summary of Total Aluminum  Genus Mean Acute Values (GMAVs) - 

Freshwater at pH 7, Total Hardness of 100 mg/L, and DOC of 1.0 mg/L. 

 

3.1.2 Estuarine/Marine 

 The 1985 Guidelines require that data from a minimum of eight families are needed to 

calculate an estuarine/marine FAV. Notably, no acceptable test data on fish species were 

available (Figure 9). Since data are available for only five families, an estuarine/marine FAV 

(and consequently the EPA cannot derive an estuarine/marine acute criterion).  






















































































































































































































































































































































































































































































































